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Management Summary R

The objective of this 6400 engineering manhour effort was to develop ?ﬁr“fﬂ
failure rate prediction models for the following thermionic, coherent light f;i;l;
emitting, passive and electromechanical devices: '

Magnetrons (including low power C.W.)
Vidicons

Cathode Ray Tubes

Lasers

Electronic Filters

Solid State Relays

Electronic Time Delay Relays
Circuit Breakers

I.C. Sockets

Thumbwheel Switches
Electromagnetic Meters

Fuses

Crystals

Incandescent Lamps

Glow Lamps

Surface Acoustic Wave Devices

0O 0 O O 0O 0 ©O O 0O 0o 0O ©0 0o 0o 9 O

The derived prediction models are intended to provide the ability to predict
the total device reliability as a function of the characteristics of the

device, the technology employed in producing the device and those external
factors, e.g., environmental stresses, circuit application, etc. which have
a significant affect on device reliability. The prediction models are to be
incorporated into MIL-HDBK-217.

The general approach used for the development of the prediction models
was as follows:

o Identify critical factors which were thought to ultimately impact
the reliability of a device. These factors were identified from

----------------
..............................................
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published 1literature and from the shared experiences of the R

personnel asigned to the project (IITRI corporate memory). ;ji;d

o0 Hypothesize a model form based on the critical factors and IITRI's .AQSQ%

corporate memory. 7?f3ij

o Use failure experience data to evaluate the accuracy of the :ffl?j

hypothesized model form and to generate numerical estimates for the prapayon

parameters included in the model. %jffl1

P

Most of the devices considered in this study effort are not used extensively l’:jf,

in military equipments. Therefore, the general model development approach ]

—_—

usually had to be modified. Approach modifications included the use of life fﬁf!?i

test data or physics of failure information in lieu of field experience data, O

the assumption that present MIL-HDBK-217 vrelationships for similar :
components could be applied to the device, and the use of survey data

obtained from a previous RADC study to develop environmental factors. The
depth and extent to which modifications to the general model development

approach were made for a particular device is discussed in the applicable
section of this report.

The data on which this study are based are comprised of field experience
and 1ife test data. Collectively these data represent more than 29.4 billion
device operating hours and some 5,428 failures.

Failure rate prediction models were developed for the following devices:

Vidicons

Semiconductor Lasers
Helium-Cadmium Lasers
Electronic Filters

Solid State Relays

I.C. Sockets

Thumbwheel Switches

Surface Acoustic Wave Devices

© O G 0O 0O ©0 o o
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In addition, the prediction procedures for the following devices were

revised:
o Magnetrons
o Electronic Time Delay Relays
o Circuit Breakers
0 Meters
o Fuses
o Crystals
o Incandescent Lamps
o C{athode Ray Tubes

Due to the lack of sufficient field experience data, the failure rate
prediction models for the following devices could not be revised:

Helium-Neon Lasers
Ruby Rod Lasers
Nd:YAG Rod Lasers
€Oz Lasers

Argon Ion Lasers
Neon Glow Lamps

O O O O O o

With the exception of Nd:YAG rod lasers and neon glow lamps, these devices
are rarely used in military systems.

Both the new and the revised failure rate prediction procedures greatly
improve upon existing failure rate prediction capabilities. Therefore, it
is recommended that the proposed failure rate prediction models presented in
this technical report, be incorporated into MIL-HDBK-217.

"""""""""""""""""""
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1.0 INTRODUCTION

1.1 Objective SR

The objective of this study effort was to develop failure rate prediction
models for the following thermionic, coherent light emitting, passive and @
electromechanical devices:

Magnetrons (including low power C.W.)
Vidicons

Cathode Ray Tubes

Lasers

Electronic Filters
Solid State Relays Bci i
Electronic Time Delay Relays i}iﬁf‘
Circuit Breakers ;fi;ﬁy
I.C. Sockets
Thumbwheel Switches ———
Electromagnetic Meters ifaFi*
Fuses T
Crystals
Incandescent Lamps

Glow Lamps

©C O 0O © 0 0O 0O 0 0O 0 0o 0o 0o o o o

Surface Acoustic Wave Devices

The derived prediction methodologies are intended to provide the ability to
predict the total device reliability as a function of the characteristics of
the device, the technology employed in producing the device, and those
external factors, e.g., environmental stresses, circuit application, etc.
which have a significant affect on device reliability. The prediction
methodology was formatted in a form compatible with MIL-HDBK-217.
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1.2 Background  }{ff€
9,

Failure rate and mean-time-between-failure prediction capabilities are f;?%:}
essential tools in the development and maintenance of reliable electronic gtéf??
equipments. Predictions performed during the design phase yield early ;;j;i}j
estimates of the anticipated equipment reliability and provide a %
quantitative basis for performing proposal evaluations, design trade-off '.ufiﬁ

analyses, reliability growth monitoring and life-cycle cost studies. While
the majority of the device models in MIL-HDBK-217 afford reasonably accurate
predictions, the same cannot be said for the devices enumerated in Section
1.1. Vidicons, electronic filters, solid state relays, I.C. sockets and
surface acoustic wave devices are not represented by a model, while the

models for the remaining devices are inadequate or may have become obsolete
as a consequence of advancing technology.

1.3 Modeling Approach

The general approach used for the development of viable prediction

methodologies for these critical electronic devices is described in this
section.
Critical factors which were thought to ultimately impact the reliability }ifjﬁg
of a device were identified for each critical device. These factors which }f:ﬁ;}
were considered in detail included: sl
PO

o Function 4
o Technology ‘
- Fabrication Techniques

- Fabrication Process Maturity

- Failure Mode/Mechanism Experience
Complexity

Effectiveness of Process Controls
Effectiveness of Screening and Test Techniques
Operating Temperature and Environment

i
o

o O O O O

Application Considerations

r~ro
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The information required to identify these factors was obtained from the
shared experiences of the personnel working on the study (IITRI corporate
memory) and from the literature search discussed in Section 2.1.

A model form was hypothesized based on information.obtained from IITRI's
corporate memory and from the literature search discussed in Section 2.1.
Data obtained from the data collection effort discussed in Section 2.2 were
analyzed to evaluate the accuracy of the hypothesized model form and to
generate numerical estimates for the parameters included in the model.

Field failure experience data were utilized where ever possible. In some
instances insufficient field experience data were available, and either life

test data and/or physics of failure information and/or the present
relationships between factors in the current MIL-HDBK-217 models were used
to derive numerical estimates for the parameters included in the proposed
model.

A detailed discussion of the modeling approach used to develop each model
is presented in the model development section for each model.

1.4 Report Organization

This technical report is organized as follows:

Section 1.0 A general introduction concerning the objective of the
study, the rationale for the study and the basic

modeling approach used.

Section 2.0

A general discussion of the data collection and
literature search(s) employed.

Section 3.0

A general discussion of the statistical procedures used
in the data analyses and model development

o Section 4.0 Detailed discussions of the applicable part descrip-

o thru tions, part failure modes/mechanisms, proposed model,

- Section 18.0 mode development approach, references and
bibliography.

...........
'
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- Section 19.0 - Conclusion and recommendations.

Appendix A - Revision pages for MIL-HDBK-217.
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2.0 DATA/INFORMATION COLLECTION TECHNIQUES

2.1 Literature Review

A comprehensive literature review was performed for each device type
considered in the study. The purpose of the review was to identify all
published information which was thought to be relevant to the reliability of
the critical devices. Literature sources searched included the Reliability
Analysis Center automated library information retrieval system, the National
Technical Information Service (NTIS), the Defense Technical Information
System (DTIS), the Government Industry Data Exchange Program (GIDEP), the
RADC Technical Library and the John Crerar library. Additionally,
manufacturers and users of the devices were queried to supply useful
information.

The primary objective of the literature review was to locate references
whose content could be used to define relevant device characteristics and to
hypothesize a model form, to supplement the data analysis process and to
provide the reliability models with a sound theoretical foundation.

The information sources that were identified and utilized in the study
are presented in the appropriate section.

2.2 Data Collection and Preliminary Analysis

The modification of current failure rate prediction models or the
development of new prediction methodologies should be derived from field
failure rate data obtained from monitored systems. This section presents the
basic data collection procedure followed and the preliminary analyses used
to develop useful databases for the devices.

The Reliability Analysis Center operated by the IIT Research Institute
at Griffiss Air Force Base was solicited to aid in the data collection
process. The Reliability Analysis Center regularly pursues the collection of
parts reliability data including those devices to be analyzed in this study.
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Data resources which had been collected and ‘summarized prior to the .
initiation of this study were available for analysis. However, the 4
) requirements for extensive data resources necessitated additional data .f
jE <ollection activities to supplement the existing information. : ;
A survey of commercial, industrial and government organizations was - u"f
conducted shortly after the beginning of the study. Organizations contacted "
either manufactured, used or were similarly connected with one or more of the }fy
devices considered in this study. Information requested included field k
experience data, pre-production and production equipment tests, failure 7-—fi;j
:2 analysis reports and physical construction details. A sum total of over 787 el
fﬁ organizations were contacted. Approximately 15% of all organizations :‘;ﬁ;’
: contacted during the data collection effort submitted information pertaining 4
to one or more of the critical electronic devices. A primary concern of the ;;?i;-ﬁi

majority of contributors was the proprietary nature of the information and ST
- the desire to remain anonymous. For this reason, none of the data fi?f{llF
- contributors in this study will be identified. S

A prerequisite to the summarization of data was the identification of all
parameters and factors influencing the reliability of the devices. A task

was defined at the beginning of the program whose goal was a reliability
evaluation based solely on theoretical considerations. These theoretical
studies served to identify the important parameters which were then further
investigated using data analysis. Identification of construction details
and process controls which were theoretically believed to have an effect on
reliability were pursued for each source of data.

A1l data items received during the data collection efforts were reviewed
for completeness of detail and examined for any inherent biases. Any data
submittal which displayed obvious biases were not considered in this study.
Those reports lacking sufficient detail were not considered until the
necessary additional information was acquired.

A summary of the collected and reduced data is given in Table 2.2-1.
Table 2.2-1 presents part operating hours and recorded failures for each

6
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device type. A detailed list of the data collected on each device type is _ ) ;’
presented in the appropriate section. ..o y
TABLE 2.2-1: DATA SUMMARY BY DEVICE ?sf?il* :
’ -0 {
Device Device Number of o
Operate Hours Failures e
(X 106) T
Magnetrons 6.941 1950 —
Vidicons 8.542 479
Cathode Ray Tubes 5.079 91
Semiconductor Lasers 4.051 354
Helium-Cadmium Lasers 0.358 90
Helium-Neon Lasers 4,708 25
Nd:YAG Lasers 0.176 25
Electronic Filters 580.955 73
Solid State Relays 23853.760 702
Time Delay Relays 4.012 6
Circuit Breakers 334.198 379
[.C. Sockets 3478.129 2
Thumbwheel Switches 5.485 19
. Meters 60.799 108
2 Fuses 800.401 185(1)
s Crystals 44.469 16
ﬁ Incandescent Lamps 213.433 893
b Neon Lamps 60.877 27
[ Surface Acoustic Wave Devices 1.577 2
i Totals 29467.950 5425

Notes: (1) includes both failures and repliacements

h
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3.0 DATA ANALYSIS

3.1 Statistical Analysis Techniques »
In order to evaluate the relationships between device failure rate and - :5
potential failure rate model parameters, various statistical analysis ”f‘iﬁif
techniques were employed. A brief discussion of each technigue which was :
applicable to this study is given in this section. ' &
Stepwise Multiple Linear Regression Analysis. Regression analysis is an M )
important statistical tool and was used to develop the failure rate fzj"‘f

prediction models for the majority of the critical electronic devices. A ;;;; rf

more thorough discussion of stepwise multiple linear regression analysis is
given in reference 1. A brief description follows. m;;qu'

The stepwise multiple linear regression analysis technique assumes a
preliminary model of the form

Y = bg + byXy *+ bpXp + ... + bjXj 217“5;3

where Y is the resultant dependent variable, Xj, X2,...,Xj are the i-_‘ ]

independent variables which are thought to influence the value of Y, and by, s B
bp,...,bj are the coefficients which are to be found by the regression. R

To perform a regression, a number of data points, each consisting of a _
known Y and its corresponding X variables, are required. A proper regression i~
also requires that the X variables be independent and that there are many o
more data points than X variables.

The analysis orders the X (independent) variables according to their »__,_.!

relative significance with respect to the Y (dependent) variable. The first
step considers only the independent variable with the highest signficance.

bo and by are computed such that the sum of the squares of (Y' - Y) is a f:5§3;]
minimum. Y' is the calculated dependent variable and Y is the observed ‘."».f‘,.v\
. 1

A
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dependent variable. The second X variable is then considered and by, b] and
by are computed such that the sum of the sqares of (Y' - Y) is again a
minimum. If the improvement in the estimate afforded by the inclusion of
this second variable is significant with respect to a given confidence level,
the variable is accepted as part of the model. If considering the second
variable does not result in a significant improvement the model remains,

Y = bo + b1X1

In the case where the second variable is accepted, the regression
analysis continues until all of the significant X variables have been
identified and the corresponding bj coefficients have been calculated.
However, whenever a new variable 1is included in the fitted model, all
previously included variables are retested for significance and eliminated
if insignificant.

Failure rate prediction models are rarely in the additive form the
stepwise linear regression analysis assumes. However, by using
transformations, many possible model forms can assume the additive form. An
example can best illustrate this point. The Arrhenius relationship is
applicable to many electrical devices and takes the following form,

X = A exp (-B/T)

where T is the independent variable, A is the dependent variable and A and B
are constants. By taking the logarithm of each side the equation becomes,

- B
Inx = InA - T

which can be solved by regression analysis with 1/T the independent variable
and In\ lne dependent variable. Other transformations are available such
that stepwise multiple linear regression can be used to quantify a variety of
failure rate model forms.
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The previous paragraphs have discussed how regression analysis can be
useful in developing failure rate prediction models in which failure rate is
a function of quantitative variables such as temperature, frequency or peak
power level. However, there are often significant variables which can not be
measured on a continuous quantitative scale. Application environment and
manufacturing quality level are examples of variables which are qualitative.
Numerically it is difficult to relate "ground benign" environmental stress
to "airborne inhabited fighter" environmental stress although one is known
to be worse than the other. In order to determine numerical quantities for
qualitative factors in a regression analysis, a matrix of "dummy variables"
(0 or 1) is used as the independent variables. The regression solution by
least squares gives numerical values of the coefficients (bj) which can be
used to calculate numerical quantities corresponding to the appropriate
qualitative category. An example can best illustrate this method. Take for
example a part type wnich is represented by a multiplicative model and has
four clearly defined quality levels based on the amount of screening. The
four quality levels are signified as q1, g2, 93 and g4. The following matrix
of "dummy variables" given in Table 3.1-1 show quality level as a function of
X1, X2 and X3.

TABLE 3.1-1: EXAMPLE OF QUALITATIVE REGRESSION ANALYSIS

"Dummy Variables"
Quality Level X1 X2 X3

qi 0 0 0
qz 1 0 0
a3 0 1 0
a4 0 0 1

Failure rate data for qi quality level parts is entered into the regression
by setting (X1, X2, X3) equal to (0, 0, 0) and data for q2 quality level parts
is entered by setting (X1, X2, X3) equal to (1, 0, 0) and so on.
Determination of coefficients for variables Xj;, Xz, and X3 allow for
computation of quality factor values by the following equations:
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mq = exp (b1X] + b2Xp + b3X3)
mq1 = exp (0+0+0)=1.0 D 04
- mq2 = exp (by + 0 + 0) = ebl D 15-?
h. ..". '.J
mQ3 = exp (0 + by + 0) = eb? o‘_,_ K2
mq4 = exp (0 + 0 + b3) = eb3 o B
This example was set up such that a q; quality factor is equal to one. Any of !i:»~=!.ﬁ
the other quality factors could have been set equal to one without changing ::5?{_{3
the overall results. The relative differences caused by changing which RO
quality factor was set equal to one would be compensated for by a change in -

the base failure rate. Generally the qualitative category which s
anticipated to have the lowest failure rate is chosen to be set equal to one.

To apply stepwise multiple linear regression analysis, the assumed model
form should be either a linear equation or capable of being transformed into

a linear equation. A11 the example equations given thus far in this section
have been linear equations. An example of a nonlinear equation is,

’
]
Ly’

Ap = (bg + byXj) exp (bzX2 + b3X3 + bgXs) l'_,”1~ ?l;j

This equation can not be transformed into a linear equation and still meet '_'jfzﬁn
all requirements necessary for regression analysis. However models of this B
form often represent the failure rate of electronic and electromechanical
part types. Included in this study are magnetrons and rotary switches which

are best represented by nonlinear failure rate prediction models. Nonlinear
equations are very difficult to solve by regression analysis and therefore
several alternatives were considered.

One approach to nonlinear regression is to approximate the nonlinear
equation by a linear equation. An approximation of this type can be very

11

LRI P PN U VI GI LT PR W G Our N i LY.




R e Tty B S S S S A N T T S0 A A 4 an St A 0 I IR N T T "R S Mt A A S A Sl Tt S A

--------

accurate as long as there are clearly defined minimum and maximum values for
the independent variables which are part of the approximation. This approach
was used for magnetrons. The assumed form for magnetron failure rate with
and without the approximation are given below.

Ap (Ar + B) fC Pd mg | empirical model form

o
]

Ap (arb) fC Pd mg | model form with approximation

©
n

where r, f and P are independent variables and Ay, A, B, a, b, ¢ and d are
constants. A1l factors are clearly defined in Section 4.3. r is a ratio
which can vary from 0 to 1. The approximation proved to be very accurate for
r values from 0.2 to 1.

Another approach to nonlinear regression is to transform the assumed
equation form such that the right hand side of the equation (independent
variables and coefficients) is linear. The resulting left hand side of the
equation is treated as the dependent variable. This approach does not
strictly adhere to the theoretical requirements necessary for application of
stepwise multiple linear regression analysis. However, this is often done in
reliability modeling efforts and errors caused by this transformation are
minimal if applied carefully. An example would be normalizing the failure
rate for environment before applying regression. Another example is the
rotary switch failure rate prediction mode! which is given by the following
equation:

)\p = (A1 + AoN) T Teye ML

where N is an independent variable, Ap is the dependent variable, X1 and X7
are constants and Tg, Tcye and T are modifying factors which were assumed
correct for all types of rotary switches. In order to apply regression
analysis so that A1 and A2 can be determined, the equation is transformed (or
normalized) to the following form,
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Ap/(ME Meye WL) = Ap + AN

If the entire left hand side of this equation is treated as the dependent
variable, then the equation becomes linear and regression can be applied.

F_Ratio and Critical F. The F Ratio and Critical F are statistical
parameters which are used in conjunction with regression analysis to

determine significance of independent variables. The Critical F value is the
value from the F table (given in Reference 1) corresponding to the degrees of
freedom of the model (equal to the number of data points minus the number of
bj coefficients minus one). This number may be used to test the significance
of each variable as it is considered for addition to or deletion from the
model. The F ratio value for a regression is the quotient of the mean square
due to regression and the mean square due to residual variation. If the F
Ratio value for any independent variable is greater than the critical F
value, then it is considered a significant factor influencing failure rate
and is included in the regression analysis model.

Standard Error of Estimate. The standard error of estimate gives an
indication of the confidence of an individual bj coefficient determined from
a regression analysis. The standard error is equal to the square root of the

residual mean square (the estimate of the variance about the regression).
Upper and lower confidence limits of the regression coefficients can be
determined from the standard error and are given for a predetermined
confidence (@) by,

bj + tp-2 (S.E.)

where
bj = regression coefficient
tp-2 = 1 - % o percentage point of a t - distribution with n-2 degrees
of freedom
n = number of observations

13
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S.E. = standard error of estimate

) o,

When the assumed failure rate model form is a multiplicative model, the upper ':-7;
and lower confidence limit values are not exact but are approximate due to : :
the transformation. Values for the t - distribution are given in Reference vﬂ;:§§§§i
. - tad
i. . '. {
Multiple Coefficient of Determination. The multiple coefficient of BRI
determination is equal to the ratio of the sum of squares of the variance o 1
D ——

explained by the regression to the sum of the squares of the variance of the S
observed data. The correlation coefficient is often used as a means to S

select the optimal form of a failure rate prediction model (i.e. linear, f;.ﬁAtfi
exponential). The coefficient ranges from O to 1.0. A coefficient value of ;'; L
1.0 indicates a perfect fit between the model and observed data. h&ﬁﬁilﬂj

The Correlation Coefficient. The correlation coefficient is a measure
of the relation between any two variables. It varies between -1 and 1 (from
perfect negative to perfect positive correlation).

Chi-Squared Goodness of Fit Test. The chi-squared goodness of fit test

compares observed data to expected values to determine whether the data is
representative of the hypothesized distribution. The chi-squared statistic
is given by the following equation.

2 = ¢ Loce)?
e
where
X2 = chi-squared value
0 = observed value
e =  r-edicted value

The chi-squared statistic indicates whether the observed events differ from
predicted values at a set level of significance for a given degrees of

14




freedom. Relatively lower chi-squared values indicate a better fit between
observed data and predicted values. Chi-squared tables are given in
Reference 2.

Chi-squared Confidence Intervals. The chi-squared statistic is used to

identify a confidence interval around the failure rate point estimate for an
exponentially distributed failure rate. Different samples yield different
intervals; some of these intervals will contain the true failure rate point
estimate and some will not. It is possible to define a 90% interval such
that 90% of all possible intervals (of which ours is just one) will contain
the true failure rate point estimate. Assumptions concerning data censoring
are made in order to calculate the confidence interval values. These values
are calculated as follows:

Lower Confidence Limit

xz (l1-a, 2r)

Point estimate = ;

2 -
Upper Confidence Limit = X ( aéTZr +2)

where
r = numer of failures
T = total part hours
x%(a) = Chi-squared value corresponding to a particular confidence level

and degrees of freedom (obtained from Chi-square tables, given
in Reference 2)

Kolmogorov-Smirnov Goodness of Fit Test. This test performs essentially
the same function as the chi-squared test. It is also a non-parametric test
which indicates the goodness of fit by analyzing the maximum difference
between observed and predicted values for a theoretical cumulative
distribution. If the maximum difference is larger than a preselected
critical value for a given level of significance, then the observed events
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would not appear to follow the assumed theoretical distribution. The

Kolmogorov-Smirnov test is generally used when testing the goodness of fit of -4
a Weibull distribution. A more thorough description and K-S critical value _._!lf
tables are given in reference 2. - "

Homogeneity Test for Merging Data. A computerized program developed by - 1_'—.4;
IITRI was utilized to determine whether failure rate data from diverse ]

sources can be merged. This method is presented in detail in Reference 3. A
brief description of this test is presented in this section.

Given data of the form,

r1 failures in time ty
r2 failures in time t2
etc.

mean time between failure (MTBF) can be computed for each data record and an
observed histogram of frequency of occurence vs. MTBF can be determined. The
computerized program then uses Monte Carlo simulation to hypothesize a
theoretical distribution of MTBF. If all data records are from the same
underlying distribution, then the observed and simulated distributions
should be in agreement. If the simulated deviates significantly from the
observed distribution, then some nonhomogeneity is indicated. The
Kolmogorov-Smirnov goodness of fit test is used as the relative measure of
whether the observed and simulated distributions are in agreement and the
data can be merged. Several reasons for failure rate data not merging are
the existence of outliers which can be natural or due to poor data collection
practices, or that the data records are not similar in regard to all
significant variables effecting failure rate. S

The statistical techniques described in this section represent useful
tools applicable to reliability modeling efforts. It must be emphasized,
however, that all reliability prediction models derived in this study are

16
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based on a sound theoretical basis. The statistical techniques are most » '
useful as a complement to engineering analyses and not as a substitute. .‘
3.2 Data Deficiencies and Data Quality Control ]
::.1
Reliability modeling of electronic or electromechanical components ) .}

ideally requires a large database of failure rate data available for

analysis. The part types considered in this study effort can be classified i]?f‘ ‘i
4

as low population or low usage parts. Therefore, development of failure rate
databases which are both plentiful and accurate, is difficult, if not
impossible. This section presents a brief overview of inherent problems with
available data and data quality control measures implemented to insure
accurate failure rate prediction models.

-9
- 9
- 1

R

Available sources of failure rate data are generally either life test R
data supplied from part manufacturers or equipment level field experience '
data. Each type of data has several inherent difficulties. 1
Life test data generally are of a high statistical quality because there R

is very little uncertainty with regard to recorded failures, number of parts h
on test, test time, operating conditions and environmental conditions. }
However, caution must be applied when using this type of data for reliability . ;O'?
modeling efforts. Often the life test conditions are at an elevated

temperature or voltage to accelerate the frequency of observed failures.

Extrapolation of failure rates obtained at the accelerated conditions to

more normal operating conditions may introduce error, if extrapolation is :...,..r..%
possible at all. Another problem associated with life test data obtained 1
from part manufacturers 1is one of validity. The majority of part :
manufacturers are unquestionably honest. However, the question arises as to

whether the data which is supplied is representative of all life testing . _Q__q
performed. ;
RS

Several measures were implemented to minimize the detrimental effects of - 3
using life test data. First, for part types where field experience data was d :-!-f

17
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available, life test data was only used to complement field experience data.
Second, only life test data with operating and temperature conditions which
are typical of a ground, benign environment were used in regression analyses
in conjunction with field experience data. The proposed failure rate
prediction model for semiconductor lasers was the only model presented in
this report which was based primarily on life test data.

Field experience data are the more desirable type of data since they
represent what actually occurred in the field and this is what the proposed
model attempts to predict. The inherent difficulties with field experience
data are related to the accuracy with which a failure can be defined, the
precision with which the number of part hours can be measured, and the
ability to determine the stresses applied to a part.

A problem associated with all sources of field experience data is that
individual times to failure can not be determined. Data is available in the
form of R failures observed in T part hours. The part hours represent a
cumulative count of part hours from individual components. The result of
this data deficiency is that the exponential hazard rate function must be
applied to all part types. Fcr most electronic parts it has been documented
that this assumption does not introduce significant error. For
electromechanical parts and other part types where degradation failure
mechanisms are significant, the constant failure rate calculated by dividing
the observed failures by the recorded part hours represents the random
failure rate plus an average degradation failure rate contribution.

The best sources of field experience data are from military systems where
the number of observed failures and equipment operating hours are precisely
recorded because of contractual agreements. Examples of government
contracts which require monitoring of failures and part hours are
Reliability Improvement Warrenty (RIW) and Life-Cycle Cost (LCC) contracts.
Specific military equipments of this type which were utilized in this study
effort are the AN/ARN-118 TACAN radio set, the AN/UYK-7 Navy computer and
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the AN/ARC-164 radio set. Unfortunately there are relatively few military
equipments of this type.

A more plentiful source of failure rate data for fielded military
equipments are maintenance data systems maintained by the different branches
of the armed forces. The largest of these are the AFM66-1 system maintained
by the U.S. Air Force, the 3M system maintained by the U.S. Navy and the
Sample Data Collection system maintained by the U.S. Army, TSARCOM. These
systems are designed to provide equipment-level statistics such as
availability and equipment mean time between failures. Some also provide
information on failed components in order to assist in spares provisioning
and logistics support. None of these systems 1is intended to track
reliability to the piece-part level. It has been found, however, that this
can be done with some degree of accuracy by using the failure records from
one of the maintenance data systems.

There are several major problems associated with using one of the
maintenance data systems as a source of part level failure rate data. The
major problem is that the data provides the analyst with the number of part
replacements and not the number of part failures. It is very difficult to
separate true failures from part replacements which were secondary failures
or which were due to operator error, maintenance error or other factors.
Several measures can be taken to minimize the difference between
“replacements" and "failures". First, data should only be collected on part
types where the ratio of replacement rate to failure rate is known to be low.
Maintenence technicians often replace many board mounted components such as
resistors before finding the actual failed component. Second, caution
should be applied when collecting data on part types which are easily
replaced and the replacement possibly not recorded. Parts of this type are
incandescent lamps and fuses. Third, other codes included in the maintenance
data summaries such as "action taken" code, "when discovered" code, "type
maintenance" code and "how malfunctioned" code must be analyzed. Failures
which occur during periods of nonoperation, or part replacements which are
due to operator or maintenance error can often be identified by analyzing

19
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these codes. The U.S. Army Sample Data Collertion system maintained by
TSARCOM, St. Louis, MO includes a chargeability code to denote whether part
replacements are true failures for the ground transportable generator sets
which they collect data on. This is an encouraging development and if
implemented on a broad scale, it would increase the accuracy of data
collected from maintenance data collection systems.

Field failure experience data samples for most electronic and
electromechanical parts are necessarily restricted because the average mean
time to failure (approximately 105 to 107 part hours) is, in many cases, much
longer than the technology has been available. However good the failure rate
data, it can only cover the first few percentiles of the probability density
function. One result of these relatively high mean time to failures for most
part types is the presence of data records with zero observed failures.

For "zero failure" data records, the standard method of dividing the
number of observed failures by the part hours results in a constant failure
rate value of zero. This value is intuitively unsatisfactory. Zero observed
failures can be a result of a very low intrinsic part failure rate, but it
can also be a result of insufficient collected part hours. Any potential
data record will exhibit zero failures if the data collection time period is
short enough. To compute a more realistic estimate of failure rate for "“zero
failure" dat- records, an upper 60% confidence 1imit is used. It can be said
with a 60% probability that the actual part failure rate is within the range
of zero and the upper 60% confidence 1imit. This method of failure rate
estimation is unprecise and regression analysis should be avoided when a
large percentage of the data points are "zero failure" point estimates.
Numerically, estimating a failure rate by assuming it is equal to the 60%
upper confidence limit is equivalent to ass. = nug 0.9 failures.

When it is necessary to include failure rate sstimates without observed
failures in a regression analysis, caution should be applied. For similar

part types operated in similar environmental conditions, the upper limit
failure rate values should only be used when the failure rate estimate is
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relatively low compared to failures rates computed from data entries with
observed failures. In the case where an upper 60% confidence limit is higher
than failure rate estimates from data entries with observed failures, then
the "zero failure" data entry should not be considered in the analysis. In
these cases it can be assumed that insufficient part hours were recorded to
expect an observed failure, and not that the intrinsic part failure rate for
the "zero failure" data entry was higher than the failure rates for the data
entrie, with failures.

To determine which "zero failure" data entries include sufficient part
hours to include in the regression analysis, a preliminary regression
analysis should be preformed using only failure rates computed with cbserved
failures. A1l upper 60% confidence limit failure rate estimates which are
both higher than the preliminary regression solution estimate and higher
than failure rate estimates for similar part types in similar environment
conditions, should not be included in the analysis.

Reliability modeling efforts require the analysis of empirical data and
therefore it is essential not only that data be collected, but that the
collected data be of a high quality. Every attempt was made in this study
effort to insure that all collected data was both accurate and representative
of the part type being studied.

3.3 Environmental Factor Evaluation and Derivation

The quantity of application environment categories included in MIL-HDBK-
217 increased from nine categories in MIL-HDBK-2178 (September 1974) to
eleven categories in MIL-HDBK-217C (April 1979). The next revision of MIL-
HDBK-217 will include 26 environment category options because of the
conclusions presented in References 4 and 5. This relatively high numbter of
environmental factor options increases reliability prediction accuracy but
presents a major problem to the reliability modeling analyst. Most o1 the
part types included in this study effort are low population or low usage
parts. It is difficult to obtain large amounts of data for these part types.
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Field failure rate data can generally be obtained for these low population
parts in approximately five or less environmental categories because of the
data Tlimitations. Therefore, derivation of a complete series of
environmental factors is impossible by the desired data analysis technique
which includes analysis of data in each of the 26 environment category
options. This section presents the alternate measures which were utilized to
develop environmental factors for the part types considered in this study.

The initial approach utilized for part types which are currently
included in MIL-HDBK-217 was to use the available data to determine whether
the existing environmental factors accurately represent the combined effects
of environmental stresses. This, of course, can only be attempted for device
failure rate prediction models which include an environmental factor. Point
estimate environmental factor values and confidence intervals around the
point estimate value were calculated for each environment category where
data is available. If each of the existing MIL-HDBK-217D environmental
factors, for environments with failure rate data, falls within the
confidence interval calculated from the data, then it can be assumed that the
entire series of 26 environmental factors can be applied to the particular
part type in question. This was the approach taken for cathode ray tubes and
magnetrons.

One approach which was taken for part types either not included in MIL-
HOBK-2170 or included in MIL-HDBK-217D but without environmental factors,
was to make assumptions based on theoretical physics of failure information.
If a part type which is included in MIL-HDBK-217D has construction
similarities and similar anticipated failure modes and mechanisms, then the
environmental factors for the analogous part type were analyzed with the
available data to determine if they were applicable. 1f the available
failure rate data did not identify discrepancies between the data and the
environmental factors under consideration, then the series of environmental
factors were applied to the part type in question. This approach was taken
for vidicons, helium-cadmium lasers, semiconductor lasers, circuit breakers,

[.C. sockets and surface acoustic wave devices.
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Several of the part types included in this study effort are hybrid parts
composed of discrete components scldered in place on a printed wiring board
and packaged in a single housing. Assembly level environmental factors can
be computed for these part types if the internal piece part composition is
known on a representative sample. A complete series of environmental factors
can be computed by wusing the following equation if each series of
environmental factors for the internal parts is normalized to a ground,
benign factor equal to one:

where
Tg,j = assembly level environmental factor for the jth environment
A = predicted failure rate in the ground benign environment for the
ith component
Te,ij = environmental factor for the ith component in the jth

environment

This equation can be applied if one or more series of environmental factors
is not normalized to a ground, benign factor equal to one by dividing each
factor (7g_jj) by the ground, benign factor and then multiplying the base
failure rate by the same value. Parts composed of discrete components are
available in wvarious compositions for an identical part function.
Therefore, proper application of this environmental factor computation
method should include calculation of environmental factors for a variety of
parts, and an average environmental factor value proposed for each
environment. Available failure rate data can then be used to either verify
or disprove the calculated values. This approach was utilized for solid

state relays and time delay relays.

For part types where none of the previously described approaches were
applicable or where application of one of the previously described
approaches was unsuccessful, an alternate environmental factor derivation
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process was developed. The alternate approach was based on the assumption
that an environmental factor relation can be determined where environmental
factor is a function of the "environmental stress ratios" obtained from
Reference 5 and presented in Table 3.3-1. The environmental stress ratio is
a relative index of combined environmental stress severity. The numerical
environmental stress ratio values were determined by Martin Marietta
Corporation, Orlando FL based on a survey of reliability experts. The survey
results provide a possible ranking of environmental factors to be applied in
cases where only limited data resources are available. The survey results
also provide a quantitative measure of the relative differences between
expected failure rate for different environments. To determine absolute (as
compared to relative) numerical environmental factor values, field failure
rate data are required from a minimum of four different environment
categories. The methodology to be described in the following paragraph can
be applied when data are available from two or three environments. However,
without data from a minimum of four environments, biased data in an
individual environment category can result in an environmental factor
relation which is essentially nonsense.

The numerical failure rate data from the different environment
categories should be similar in regard to all significant failure rate model
parameters except for environment. If there are apparent differences other
than environment, then the data should be normalized to compensate for the
apparent differences. Thus, the numerical differences between the data
points are primarily a function of the effect of environmental stress and
statistical ncise. A regression analysis is then preformed where the
environmental stress ratio is the independent variable and the normalized

failure rate is the dependent wvariable. By applying different Ny
transformations on the dependent and independent variable, the environmental o j

factor relation can be changed to several general forms. Three examples of '“*‘li

environmental factor relation form are given belowv: o

1) Ay = Kmg = AS + B o

2) Ap = Kmg = A(5)B iR

= 3) Ap = Kwg = A exp(BS) st
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where

An = predicted normalized failure rate
K = normalization constant

TE
S = environmental stress ratio

environmental factor

A,B = regression contants

TABLE 3.3-1: ENVIRONMENTAL STRESS RATIOS

Environment Abbreviation Rank Environmental
Stress Ratio
ground, benign GB 1 1.0
ground, fixed GF 3 2.7
ground, mobile GM 7 11.5
manpack MP 8 12.5
naval, sheltered NS 5 7.3
naval, unsheltered NU 10 16.8
naval, undersea, unsheltered NUU 14 20.6
naval, benign, submarine NSB 4 6.0
naval, hydrofoil NH 12 19.2
airborne, inhabited, transport (1) AIT 6 10.2
airborne, inhabited, fighter (2) AlF 13 19.5
airborne, uninhabited, transport (1) AUT 15 23.1
airborne, uninhabited, fighter (2) AUF 17 33.5
airborne, rotary wing ARW 16 27.6
missile, launch ML 19 42.7
cannon, launch CL 20 720.6
undersea, launch usL 18 37.1
missile, free flight MFF 9 12.6
airbreathing missile, flight MFA 11 17.6
space, flight SF 2 2.1

Notes: (1) includes bomber and cargo aircrafts
(2) includes attack, trainer and fighter aircrafts

The correlation coefficient is used as a measure of relative fit between the
regression solutions and the normalized failure rates.

The results of this environmental factor derivation process can be used
in two basic ways. In the instance where data are available from relatively
few environment categories, but the data are of high quality, the
environmental factor derivation process can be wused to determine
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environmental factors for only those environment categories without data.

Tn the instances where data are available from more environment categories, _ . ‘f’4
but are of questionable quality, then the environmental factor derivation v,'.
Y process can be used to derive the entire set of environmental factors. In )
those instances, it can be assumed that the observed environmental factors _ Ai
which are too high or too low cancel each other out, and therefore, the A ;‘lé

regression solution represents the best estimates for environmental factor.

The environmental factor derivation process was used to derive the
environmental factors for filters, meters, fuses, crystals and incandescent
lamps. This process has two major deficiencies. First, the numerical rank
of environment factors derived by this method are the same for all part

types. In practice, the rankings of environmental factors are similar for jllilflﬁ
most part types, but not identical. The second deficiency is that the f%%;*'

environmental stress ratios were determined before the release of Reference o o
4. Reference 4 recommended that the four original avionic environmental rf.fjﬁ
factors be replaced by ten factors. Environmental stress ratios given in S

Reference 5 are only available for four avionic environments (airborne
i inhabited fighter, airborne inhabited transport, airborne uninhabited
- fighter, airborne uninhabited transport). Therefore, each series of
' environmental factors derived by this method proposes fixed inhabited and
uninhabited values for the original fighter (attack, trainer and fighter)

and transport (cargo and bomber) environment categories.

In conclusion, environmental factors were determined for each part type
considered in this study except neon lamps. Table 3.3-2 presents a summary
showing method of environmental factor development versus part type. Each
section of this report pertaining to model development includes a discussion
of the method used to determine the applicable environmental factors.

3.4 References
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TABLE 3.3-2: ENVIRONMENTAL FACTOR DEVELOPMENT

Part Type

Magnetrons

Vidicons

CRTs

He-Cd lasers
Semiconductor lasers
Filters

Solid State Relays
Time Delay Relays
Circuit Breakers
I.C. Sockets
Thumbwheel Switches
Meters

Fuses

Crystals
Incandescent Lamps
SAWSs

Verify Assume Piece Part Environmental
Existing Factors of Prediction Factor Derivation
Factors Similar Part Method Process

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
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4.0 MAGNETRONS L J
e

. s (N ¥

4.1 Device Description OO
-"i‘i”]

S

A magnetron is in effect a diode with the input electrodes being a ;bj;.{?}
cathode and an anode. The high frequency is usually taken from a magnetron 54—¢§; 1
by means of either a coaxial line or a waveguide. There have also been ngJ

magnetrons that employed special radiators to deflect the high frequency
energy. The magnetron has the advantage over other microwave tubes in that
it is relatively simple to operate and has relatively low internal
resistance. Its primary disadvantage is the extent to which it can be
electronically tuned. Magnetrons are available which can be operated under

either CW or pulsed conditions. Some tubes are small enough to be held in 5
the hand while others are so heavy they must be picked up by mechanical -4—%f?;i
means. The operating voltage for the tubes range from a few hundred volts to B
many tens of thousands of volts. Magnetrons may have the magnetic source '
attached to the tube to form a complete unit or the magnet may be separate.

Pulsed magnetrons have been developed covering frequency ranges from a
few hundred MHz to 100 GHz. Peak power from a few KW to several megawatts
have been obtained with typical efficiencies of 30 - 40%. Continuous wave
magnetrons have also been developed with power levels of a few hundred watts
in tunable tubes at an efficiency of 30%. Pulsed magnetrons are used
primarily in radar applications as sources of peak power. Pulsed modulation
is obtained by applying a negative rectangular voltage pulse to the cathode
with the anode at jround potential.

Magnetrons may be either fixed frequency, mechanically tunable or
electrically tunable. Mechanical tuning of conventional magnetrons can be
accomplished by moving capacitive tuners near the anode straps or capacitive
regions of the quarter wave resonators. Tuner motion is produced by a
mechanical connection through flexible bellows in the vacuum wall. Voltage
tunable magnetrons use a circular-format, re-entrant stream injected beam
which interacts with a standing wave on a low Q resonant structure.
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Pulsed magnetrons are available in both conventional and coaxial
designs. Coaxial magnetrons differ from conventional magnetrons in that
they have an internal stabilizing cavity. The stabilizing cavity greatly
improves frequency stability. The coaxial design also includes higher
efficiency, improved r-f output spectrum and longer life as its attributes.

4.2 Failure Modes and Mechanisms

A magnetron tends to react to total incident energy, and to some degree
is affected by variations in heat, radiation and each power supply as if they
were signals. Similarly, variations in external electric and magnetic
fields may affect performance. Therefore, application environment has a
significant effect on magnetron performance. Proper magnetron selection for
a particular application environment minimizes the effects of environmental
stress.

The reason for the envelope and seals is to provide electrical and
magnetic insulation and protect the electron ballistics by keeping the
vacuum within the tube constant. Loss of vacuum may occur due to
deterioration of a seal or a puncture or crack in the envelope. The
deterioration of a seal and the subsequent loss of vacuum is a function of
the seal type, length of the seal, thermal cycling, ambient temperature and
number of pins in the connector. The tube envelope, the seal, the filament
and in some cases, the cathode may be damaged by shock and/or vibration.

A partial loss of seal will result in a contaminated environment which
may poison the cathode or cause the filament to burn-up and which may result
in either tube degradation or catastrophic failure. The cathode must be
capable of carrying high current densities, especially in pulsed operation,
and be able to withstand considerable bombardment by electrons. An emissive
coating is required which will quickly recover in the event of poisoning and
which is also highly conductive, electrically and thermally; otherwise the
potential difference across the emissive coating may result in breakdown
through the coating. Good thermal conductivity is necessary to prevent the
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surface of the cathode from becoming overheated which leads to either melting
or deterioration. The factors that influence cathode 1ife are cathode
bombardment which may be accelerated by mismatches in output coupling and
cathode temperature.

The filament provides thermal energy sufficient to excite the electrons
in the cathode to a state where some of the electrons obtain enough energy to
escape. The primary failure mode of the filament is an open and its
occurence is a function of temperature cycling, oxidation, shock, vibration,
applied power and method of applying power.

The magnetic circuit may be an integral part of the tube or it may be a
separate device. In either case, the failure or degradation of the magnetic
circuit may result in catastrophic failure or degradation in tube operation.
For example, if the magnetic field strength is too low the magnetron will
oscillate in another mode than the m mode, or the efficiency will be low. If
the field strength is too high, the appropriate anode voltage will also be
too high and there will be a risk of anode flashover.

4.3 Magnetron Failure Rate Prediction Model

This section presents the proposed failure rate prediction model for
magnetrons. The proposed model is:

>
[

p = Ap Ty TE TC

xp = magnetron failure rate (failures/105 filament hours)

utilization factor (see Table 4.3-1)

ng = environmental factor (see Table 4.3-2)
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construction factor

e

1, CW magnetrons (rated power < 5 kw)
= 1, coaxial pulsed magnetrons
= 5.4, conventional pulsed magnetrons

base failure rate (failures/106 filament hours)

>
o
n

18, CW magnetrons (rated power < 5 kw)
=19 (1’)0'73 (P)o‘zo, pulsed magnetrons

where
f = frequency (GHz)
P = rated peak power (Mw)

TABLE 4.3-1: UTILIZATION FACTOR

Utilization my,
(radiate hrs./filament hrs.)

— O O O O O O O © O o
O W O N O N W N PO
— O O O O O O O O O O
~J
~N

m, = 0.44 + 0.56 (R), R = radiate hrs./filament hrs.
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TABLE 4.3-2: ENVIRONMENTAL FACTOR

o
Environment TE Environment TE B 1

Gg 1.0 AlA 4.0

GF 2.0 Al 20 S

GM 4.0 Auc 13 @

Mp 36 AUT 16

Nsg 13 Aug 19

Ns 13 Aya 5.0

Ny 20 AUF 30 Y

NH 56 Sf 1.0

Nuu 60 MFF 36 .

ARW 80 MFA 50 o

Arc 11 Us 106 ;_:—;.ri

ALT 13 M 160 S

Alg 15 CL 2000 B

]

4.4 Failure Rate Model Development -1

The approach utilized for model development of magnetrons was to
identify significant variables by analysis of magnetron failure rate data. :
The model parameters were quantified with the same data. At the conclusion : ;"1
of each step, the results were given a thorough theoretical analysis. The .
magnetron failure rate data collected in support of this study is presented
in Table 4.4-1. Life test data supplied by magnetron manufacturers and field

experience data received from Sacramento ALC and summarized by IITRI ~Q**

comprised the majority of all collected data. co

Application and construction variables were identified for magnetrons o j}

and are presented in Table 4.4-2, These variables represent possible failure R S
rate model parameters whose values were determined whenever possible for all

collected data. ;

o

f:fgj

R
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TABLE 4.4-1  MAGNETRON FAILURE RATE DATA 1
FREQUENCY PEAK POWER PART MOUNS
ENTRY NG, TP (1) (Grz) LEVEL (Kw) TUNING (2) COOLING (3) R (4) ENVIRONMENT PART NO FALLURES (%) . i
j (A [} <1 flec. None 1.0 [} 61774 ? 84,000 A
2 {8) Cony. 8.83 40 None FAL 1.0 6B 2250 0 3,500 Y
3 (8) . 5.08 40 Mech. - 1.0 b 2J51A 0 3,506 T4
4 N 9.35 40 None - 1.0 B 2355 1 5,200 RS
5 {6) b 3.05 20 - . 1.0 GB 2J70A o 4,000 T4
6 - 3.05 50 - - 1.0 G8 20708 3 17,900 T
7 (6) - 6.43 180 - . 1.0 43 4758 0 1,000 k
8 ?6) - 1.29 400 Mech “ 1.0 G8 5026 0 1,500 1
9 (s) - 2.80 800 . - 1.0 GE 5586 0 1,10 . r
10 . 3.30 1000 . - 1.0 o] 5795 H 5,400 @
11 (6) - 9.32 250 None - 1.0 48 6002 o 1,000 L
2 i 8.80 1 Mech . 1.0 o] 6248 ‘ 29,600
13 . 5.64 175 Mech - 1.0 6B 6344 2 23,000 -
14 - 2.81 4500 None Liquid 1.0 8 64104 3 6,200
15 (8) - 1.30 1000 Mech F.A, 1.0 8 6517 0 1,500
16 " 9.08 40 - - 1.0 ] 7256 4 46,200
17 - 2.78 3500 . Liquid 1.0 68 7529 2 3,600
18 C.u. (7} <1 )] None 1.0 GF (n 5 157,000
19 Conv. 2.80 800 Mech. FA. 0.85 Gf 5586 1% 70,000 4
20 - 2.80 800 - " 0.95 GF 5586 131 250,800
21 - 2.81 4500 None Liquid 0.09 [43 6410A 2 6,000
22 B 2.81 4500 - . 0.14 GF 6410A 3 11,470
23 . 2.81 4500 . - 0.25 GF 64104 3 20,900
u " 2.81 4500 - - 0.37 GF 6410A 4 8,120
25 - 2.81 4500 - . 0.46 GF 64104 6 16,330
26 - 2.81 4500 . . 0.53 GF 64104 4 5,650
a7 " 2.8) 4500 . . 0.65 GF 64104 20 76,000
28 " 2.81 4500 - N 0.75 GF 64104 25 86,000
29 " 2.81 4500 . - 0.85 6F 6410A 72 210,000
0 " 2.81 4500 - - 0.95 GF 64104 27 810,000
31 - 2.80 800 None FA. 0.85 GF 8798 10 30 440
32 . 2.80 800 . - 0.95 6F 8798 91 180, 000
33 . 2.78 3500 Mech. Liquid 0.08 GF QK- 3274 2 19,000
34 - 2.78 3500 . b 0.19 GF QKk-327A 1 2.630
35 - 2.78 3500 " - 0.27 GF QK-327A 4 14, 45¢C b
36 - 2.78 3500 . . 0.37 GF QK-327A 8 16,90C 4
ks . 2.78 3500 - - 0.47 GF QK-327A 6 13,680 K
8 " 2.78 3500 . - 0.54 GF QK- 327 ) 15,430 L
» . 2.78 3500 . . 0.65 GF QK-327A 14 22,000 -
40 . 2.78 3500 . - 0.7% GF Qx-327A 15 31,000 -9
41 - 2.78 3500 - - 0.85 GF QK-327A 90 280,000 . R
a2 - 2.78 3500 - - 0.95 GF QK-327A 446 1,150,000 w4
43 . 2.81 4500 None - 0.07 GF QK- 3384 1 3,430 -
4 . 2.81 4500 . - 0.17 GF QK-3384 6 16,700 -
a5 » 2.81 4500 . . 0.29 GF 0K-3384 10 31,800 AW
46 - 2.81 4500 - . 0.32 GF QK- 3384 3 9,150
47 - 2.81 4500 . - 0.45 GF 0K-338A 1 13,810
48 . 2.81 4500 . . 0.55 GF QK- 3384 13 26,000
49 - 2.81 4500 . . 0.67 GF Qx-338A 3 12,570 R
50 - 2.81 4500 - i 0.78 GF QK-3384 9 28,580
s1 ° 2.81 4500 - . 0.85 GF QK- 338A 37 74,000
52 - 2.81 4500 - - 0.95 GF Qx- 3384 95 250,000 T
53 Coax. 2.80 3000 Mech, . 0.06 GF VMS- 11434 1 46,900
54 " 2.80 3000 . . 0.16 GF VMS-1143A 2 217,000
55 . 2.80 3000 . . 0.34 GF VMS-1143A 1 56,600
56 " 2.80 3000 . . 0.48 6F VMS- 11434 i 43,380
s7 . 2.80 3000 . . 0.69 GF VMS- 11434 3 17,130
58 . 2.80 3000 - . 0.76 GF VNMS- 11434 1 31,900 SO
9 " 2.80 3000 " - 0.89 GF YMS-1143A 5 86,700 -
60 . 2.80 3000 - - 0.95 GF VMS- 11434 21 40,000 R
61 - 2.80 3000 . - 0.33 6F vMS- 11438 1 10,000
62 " 2.80 3000 " - 0.50 GF VMS-11438 1 5,630
63 (6) . 2.80 3000 . . 0.67 GF VM5 -11438 1 1,500
64 . 2.80 1000 . " 0.89 GF YMS-11438 1 64,100 -
65 - 2.80 3000 " - 0.9 oF YMS-11438 8 73,960
66 Conv. 1.30 1000 - FA, 0.22 GM 400615 2 7,010
67 - 1.30 1000 . . 0.39 M 400615 7 34,95
68 v 1.30 1000 - - 0.42 oM 400615 3 10,860
69 " 1.30 1000 . . 0.55 oM 400615 11 16,920
70 " 1.30 1000 - " 0.65 GM 400615 25 77,7% -
71 - 1.30 1000 . . 0.74 2] 400615 15 $2,400
72 . 1.30 1000 . . 0.86 oM 400615 3 1,470 - “
73 . 1.30 1000 M . 0.95 GM 400615 6 19.850
L] - 2.80 800 . . 0.06 GM §586 2 9,440
75 - 2.80 800 - . 0.16 2] 5586 5 10,500
76 . 2.80 800 . - 0.26 GM 5586 10 49,120
n N 2.80 800 N - 0.36 M 5586 13 126,820
78 - 2.80 800 - N 0.45 [¢] 5586 75 280,000
79 - 2.80 800 . . 0.55 o 5586 50 170,000
80 - 2.80 800 - M 0.65 GM 5586 28 94,000
- 81 - 2.80 800 - . 0.75 GH 5586 25 50,000 .
82 . 1.0 1000 . . 0.04 ™ 5795 [ 37,250 S
a3 - 2.80 800 - N 0.19 GM 8798 2 1,300 i
84 - 2.80 800 . . 0.2¢ o™ 8798 1 3,460
85 . 2.80 800 . - 0.37 oM 8798 10 49,750
L - 2.80 800 - . 0.45 e ] 8798 26 110,000
87 - 2.80 800 . - 0.55 o 8798 17 67,000 . 1
¥ 2] . 2.80 800 - N 0.65 M 8798 16 55,000 - 1
- 89 . 2.80 800 . . 0.78 ] 8798 8 26,25¢ .
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TABLE 4.4-1: MAGNETRON FATLURE RATE DATA (COMT'D)

FREQUENCY PEAK POWER PART WOURS
ENTRY NO. TeE (1) (GAz) LEVEL (Ku) TUNING (2) COOLING (3) R (4) ENY I RONMENT PART NO. FAILURES (5)
%0 Coax. 5.64 1000 Mech. F.A. 0.04 =] SFD-313 3 43,300
91 b 5.64 1000 - b Q.25 G $F0-313 1 8,000
92 > 9.05 200 Elec " 0.15 [} SFD-354 1 3,400
93 “ 9.05 200 . 0.24 [ SFD-354 3 23,000
94 b 9.05 200 - - 0.36 [ SFD-354 1 2,200
95 {6) - 9.05 200 b - 0.50 GM SFD-354 1 1,170
96 - 9.0% 200 - " 0.58 <] SFD-354 ] 6,120
97 - 9.05 200 b - 0.65 > SFO-354 1 3,410
J8 " 9.0% 200 - - 0.74 (] SFD-354 1 4,560
99 {8) 1500 None - 0.06 [ ] SFD-369 4 12,730
H - (8) 1500 " b 0.18 ] SFD-369 H 70,240
101 b (8) 1500 - - 0.2% oM SFD-369 4 66,850
102 N (8) 1500 ° - 0.36 GM SFD-369 2 51,620
103 - (8) 1500 . b 0.49 GM SFD- 369 5 42,610
104 - sﬂg 1500 - - 0.54 oM SFD-369 4 25,250
105 - 8 1000 b b 0.19 GM SFD-385 4 63,680
106 - (8) 1000 - " 0.25 GM SFD-385 6 157,300
107 M (8) 1000 © h 0.36 o SFD-385 5 28,810
108 ° (8) 1000 . - 0.46 GM $7D-385 3 33,020
109 - (8) 1000 - ‘ 0.55 GM SFD- 385 3 9,220
TOTALS 1950 6,940,930
NOTES . R
(1) C.W. = continuous wave, Conv. « conventional, Coax. = coaxfal A
(2) Elec.= electrica), Mech. = mechanical -4
{3) F.A. = forced air - . _‘
(4} ® = radiste hours/filament hours, filament hours = radiate hours + standdy hours [ mn.fq
(S) fitament hours, radiate hours » {R) x (filament hoyrs) .
(6) {nsufficlent part hours to introduce fnto the regression amalysis . -
{7) unknowr :
(8) operating frequency fs classified for SFD-369 and SFD-385 magnetrons
R
._.v-:
.'~' . "9
L_ . T '1
.. - - K
W R .i
: 9'-41
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TABLE 4.4-2: MAGNETRON CONSTRUCTION AND APPLICATION VARIABLES

I. Operation Mode
A. Continous Wave (CW)
B. Pulsed

1. Type
A. Conventional
B. Coaxial

ITI. Tuning Availability
o A. No Tuning

;'. B. Mechanical Tuning
- C. Electrical Tuning

IV. Peak Power Level
A. Rated
B. Actual

V. Type of Output Port
VI. Magnetic Source Location
A. Internal
B. External
VII. Tube Envelope Material
VIII. Tube Dimensions
IX. Heater Voltage Type and Level
A. Rated Voltage
B. Actual Voltage
X. Operating Temperature
A. Rated
B. Actual
XI. Application Environment

XII. Ratio of Radiate hours to Filament hours
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It was the intent of this study effort to analyze the effects of standby
operation on failure rate. The raw data for a particular tube type operating

in a similar application was merged according to the ratio of radiate |: .._L:
operating hours to filament operating hours. Standby operation for a ' 1
magnetron is the period of time when voltage is applied to the filament but : '~:
the magnetron is not radiating. Failure rates were calculated for each data N .?
entry by dividing the observed failures by the filament hours. It was .-:ffi
assumed that a particular magnetron type operating under identical ]
conditions would exhibit a unique radiate and standby failure rate. It was 1
also assumed that the failure rate of magnetrons operating in the radiate ; ‘?Q'i
mode would be greater than the failure rate in the standby mode and that for ':?3
applications with intermediate amounts of standby operation the failure rate
:“.- would be a linear relation between the two extreme cases which are no standby
‘ and total standby. Therefore a general magnetron failure rate prediction L “‘.
model is given by, e
Ap = (AR + B) xp 7] m2 ... .4
£ 293
where |
E
Ap = magnetron failure rate (failures/100 filament hours) ‘
R = radiate hours/filament hours “_-;_.711
A,B = constants -
Ap = base failure rate 3
i = modifying factor(s) _;_4
A
An equation of this form is nonlinear and Tinear regression analysis can ’
not be directly applied. A brief discussion of nonlinear models is included 1
in Section 3.1. As suggested in Section 3.1, a linear equation form was used
' to approximate the nonlinear part of the preliminary magnetron failure rate ) .1
- prediction model. The approximation is as follows: -1
a(R)b = AR + B 1
- @
3
: -:‘|
.
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where a, b, A and B are constants and R is the ratio of radiate to filament
hours. This approximation proved to be accurate for R values ranging from
0.2 to 1.0.

Stepwise multiple linear regression analysis was then applied to the
puised magnetron failure rate data. All data records, except where noted in
Table 4.4-1, were entered into the regression analysis. The variables which
were introduced into the regression are given in Table 4.4-3.

Three regression analyses were necessary. The initial regression
analysis identified frequency, rated peak power, magnetron type, ratio of
radiate to filament hours, environment and tuning as significant variables
at the 70% confidence level. The results from the initial regression were
rejected, however, as being inconsistent with theory. Strict interpertation
of the initial results were that fixed frequency and mechanically tunable
magnetrons have a similar failure rate and that electrically tunable
magnetrons have a failure rate 4.2 times as high. Also the results indicated
that magnetrons operating in a ground, benign and ground, fixed environments
have a similar failure rate and that magnetrons operating in a ground, mobile
environment have a failure rate 1.7 times as high. Both of these results
seemed to be inconsistent with theory. Mechanically and electrically
tunable magnetrons would both be expected to exhibit a higher observed
failure rate than fixed frequency magnetrons. However a factor of 4.2 is
unreasonable. Tunable magnetrons are similar to fixed frequency magnetrons
except with the addition of electrical or mechanical components. The
anticipated failure rates of the additional components are small in
comparison to the tube failure rate. Inspection of the raw data given in
Table 4.4-1 reveals that the only data entries with electrical tuning (data
entries 92-98) also operated in the ground, mobile environment. The
relatively higher failure rates computed for data entries 92 to 98 were
considered to be due to the application environment and not because of the
electrical tuning components. The reason for this apparent shortcoming in
the regression analysis is that a complete database for magnetrons was not

38

« m A ..

.
A o 2"




O A A R R RE A N P A - T T '4
o ]
o S
- 1
TABLE 4.4-3: MAGNETRON VARIABLE IDENTIFICATION ]

KY

Parameter Variable(s) Factor )

fr = bl e ’“

equency X1 = In(f) (f) -._.!

rated peak power X2 = In(P) (P)bz SR

R

type ] X3 <lex8(b3X3) 3

coaxia . S

conventional exp(b3) : ..*

tuning X4, X5 exp(bgXg + bs5Xs) ]

fixed frequency 1.0 SO

mechanical exp(bg) o ;1

electrical exp(bsg) L

environment X6, X7 exp(bgXg + b7X7) { z*
GB 1.0 L
- GF exp(bg) S
o GM exp(b7) e
- o
‘ output port Xg exp(bgXg) b j
. coaxial 1.0 £ 203
- waveguide exp(bg)
5 cooling Xg exp(bgXg) ]
liquid 1.0 e

forced air exp(bg) "'t.i

e

radiate hrs/filament hrs X10 = In(R) (R)b10 -

]

[ “.‘...}"#

. V.‘l

- 1

_!.i

9
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obtained. To be able to evaluate both environment and tuning, data would
have to have been available for each tuning option in several different
environment categories.

A second regression analysis was preformed without tuning availability
as an input variable. The results from this analysis are given in Table 4.4-
4 and correspond to the following preliminary failure rate prediction model.
Each variable was significant at a 90% confidence level.

>
]

0.360TT

p = 16.5 (£)0-732 (p)0-20% (p(1.69x3)) (R)O+3%0ng

Ap = magnetron failure rate (failures/106 hours)
= frequency (GHz)

P = rated peak power (Mw)

X3 = 0, coaxial magnetrons
= 1, conventional magnetrons

R = radiate hours/filament hours

Tg = environmental factor

1.0, GB

1.9, GF

3.2, GM

This preliminary model was then modified to resemble existing MIL-HDBK-217D
models.

TABLE 4.4-4: RESULTS OF THE REGRESSION ANALYSIS

Variable (Xi) Coefficient (bi) Standard Error F-Ratio
X1 0.7318 0.2123 11.88

X2 0.2039 0.938 4.73

X3 1.6887 0.1701 98.50

X6 0.6302 0.3273 3.71

X7 1.1543 0.2876 16.11

X10 0.3602 0.0866 17.66
Constant 2.7406 -- --
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The observed relationship between failure rate and ratio of radiate R
hours to filament hours was designated as the utilization factor. It was ) .j
considered desirable to transform the approximate utilization factor form ]
(my = K(R)0'360) to the form originally assumed (m; = AR + B). The .j;_;.fjﬁ
approximate model form was sufficiently accurate for the majority of ratio K f‘.ﬁ
values (R > 0.20). However, low ratio values resulted in approximate ) ?-{.'*1
utilization factor values approaching zero. Therefore, a utilization factor BRI
of the assumed form was deemed necessary. A third regression analysis was g “*;
performed to obtain numerical estimates for the wutilization factor R
constants. A1l data entries were normalized for frequency, rated peak power, ) ..j

magnetron type and environment. The normalization function is,

0.732( 0.204 (

Tyt = Ao/(15.5(f) P) exp(b3X3))E) = AR + B
where

A5 = observed magnetron failure rate

and the results of the regression analysis were, e
Lot PRI

m,' = 0.678 (R) + 0.533 R :]

T 3

It was desired that the utilization factor be normalized to a value of one oo nid
for applications where radiate hours equals filament hours. Therefore, the ;j.~j;:;
following modification was made to the preliminary magnetron failure rate L)
yrediction model. b @
m,' = 0.678 (R) + 0.533 S

T, = 0.825 m' = 0.560 (R) + 0.440 . ¥

A = (15.5/0.825) (2732 (p)0-20% (exp(1.69%3)) my 7 |

]

- 18.8 (F19:732 (p)0-20% (oy5(1.69%3)) m, T o e
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. It was decided to include frequency and rated peak power into an equation ;
E‘ for base failure rate. The magnetron base failure rate then becomes, -

18.8 (f)0'732 (P)0.204

>
o
W

£
=2
42}
-3
4]
-

base failure rate (failures/106 hours)

>
o
1}

A construction factor (Tc) was defined to account for magnetron type.

-
R I
T SO S B I

The equation ("¢ = exp(1.69 X3)) when solved for X3 = 1 and O gives the
following construction factors:

conventional magnetron, 5.42 ‘.4
coaxial magnetron, 1.0 ‘

Data were collected from three environment categories. The observed

environmental factors along with upper and lower confidence limits are given h‘;.."l
in Table 4.4-5. N

TABLE 4.4-5: OBSERVED MAGNETRON ENVIRONMENTAL FACTORS

Environment L 20%CL observed T¢ U 80%CL
GB -- 1.0 --
GF 1.42 1.88 2.48 )
GM 2.49 3.17 4.05
The observed ground, fixed environmental factor and the observed ground, _
benign environmental factor are consistent with the existing MIL-HDBK-217D ) .'w.-
electron tube environmental factors. However, the magnitude of the observed S
environmental factor for the ground mobile environment is significantly .
lower than the existing MIL-HDBK-217D value. A probable explanation is that
E! proper magnetron selection can minimize the effects of environmental stress. R T
'
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For other tube types, such as cathode ray tubes, an identical part type can
be used in a wide variety of environments. For magnetrons, different part
types with similar specifications can be obtained depending on the intended
application environment. Therefore proper selection of available magnetrons
is essential for minimizing the effects of the environment.

The existing MIL-HDBK-217D electron tube environrmental factors cannot be
applied to magnetrons withu.t introducing error. However, it is essential
that a complete set of environmental factors be developed so that a proposed
failure rate prediction model can apply to a maximum number of potential
applications. In order to determine a complete set of environmental factors,
a review was initiated of previous revisions of MIL-HDBK-217. MIL-HDBK-
217B, MNotice 2 dated 17 March 1978 expanded the number of magnetron base
failure rate options from two to nine. Additionally, this revision of MIL-
HOBK-217 included the environmental factors presented in Table 4.4-6. Table
4.4-6 also includes the observed magnetron environmental factors, upper and
lower confidence intervals and the MIL-HDBK-217B, Notice 2 factors
normalized to a ground, benign value equal to one. Analysis of Table 4.4-6
resulted in the conclusion that these factors can be accurately applied to
magnetrons. For application environment options which were not included in
MIL-HDBK-2178, Notice 2, the existing MIL-HDBK-217D electron tube factors
are proposed except for the naval, submarine environment. The naval,
sheltered factor was also applied to the naval, submarine environment so the
environmental factor rankings are consistent with MIL-HDBK-217D. Use of
these factors should result 1in slightly pessismistic failure rate
calculations.
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TABLE 4.4-6: ENVIRONMENTAL FACTOR COMPARISONS

MIL-HDBK-217B MIL-HDBK-2178B Observed Factors
Environment Notice 2 Factors Notice 2 Factors L 20%CL PT EST U 80%CL
Normalized .
1
GB 0.5 1.0 -- 1.0 -- S
- SF 0.5 1.0 - - - » @ |
. GF 1.0 2.0 1.42 1.88 2.48 j
< Al 6.5 13 -- -- - “ ]
1.' NS 6.5 12 - - - 4
. GM 2.0 4.0 2.49 3.17 4,05
AU 8.0 16 - - -
: NU 10 20 -- -- - .
- ML 80 160 -- -- -- :
: o
- Two data records (data entries 1 and 18) were available for low power RS
continuous wave (CW) magnetrons. It was assumed that one series of puc A
environmental factors were applicable to all magnetron types whether pulsed 'Jaii 4

or CW. Therefore, the part hours were normalized for environment and a base
failure rate was determined by dividing the sum total of failures by the sum

total of normalized part hours. In equation form,

Ap,cw = If/(ZT mg)
= (2 + 5)/((0.084)(1.0) + (0.157)(2.0))
= 17.6 failures/106 hours
where
] Ab,cw = continuous wave magnetron base tailure rate
» f = observed failures
: T = observed part hours
TE = environmental factor

‘ This base failure rate only applies to CW magnetrons with a rated peak

i power less than 5Kw. It was also assumed that the utilization factor derived
for pulsed magnetrons would also apply to CW magnetrons. The construction
factor (mc) was set at a value of 1.0.

a4
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Computation of the base failure rate for CW magnetrons completes the
magnetron failure rate prediction model development. The proposed model j
represents magnetron failure rate as a function of magnetron type, ' o b
frequency, rated peak power, environment and amount of standby. The proposed R
model increases prediction accuracy and extends prediction capabilities,
particularly in regard to coaxial and CW magnetrons, and it is recommended Coe
that the proposed model be added to MIL-HDBK-217D. ' 2.7

e

4.5 References
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= Handbook, Second Edition, Fink, Donald G. and Christiansen, Donald,
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5.0 VIDICONS

5.1 Device Description

The term vidicon 1is frequently used as a generic term for a
photoconductive camera tube. Vidicon is used to describe return beam
vidicons, lead oxide vidicons and silicon diode vidicons. In the usual
vidicon a homogeneous type of photoconductive layer is employed which will
freely accept the mobile photo generated carriers needed to replenish those
extracted from the tayers. The vidicon has many advantages compared to other
types of television tubes. It is relatively small in size, has a simple and
rugged structure, is low in cost and does not require critical adjustment in
operation. At the same time such tubes can produce high resolution images
and a high signal to noise ratio under proper illumination. In addition to
their use in black and white and color cameras for television pick ups,
vidicons are used with special pnotoconductors for pick up of images in the
infrared, ultraviolet and x-ray parts of the spectrum.

The basic elements of a typical vidicon tube are shown in the cross-
sectional diagram in Figure 5.1-1. The photoconductive layer is supported on
the glass face plate of the tube envelope. Between the photoconductor and
the faceplate a transparent electrode is provided, which acts as the target
back plate. In operation, the input image projected on to the photoconductor
produces conductivity variations in this layer causing previously
established surface charges to leak to the back plate. Upon recharging the
photoconductor surface to its equilibrium potential by the reading beam,

ranging from approximately one-half to four and one-half inches.
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output voltage variations are produced across the Toad resistor connected to )
the back plate. The scanning beam is usually focused and deflected by “i
magnetic coils. Tubes are also designed for operation with electrostatic "
focusing and deflection, or electrostatic focusing and magnetic deflection. ’“'N;QL;
The glass envelope of a typical vidicon is approximately one inch in diameter "'1.5
and six inches in length, although there are vidicons with envelope diameters _’a
C
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Gloss disk with storage layer Focus coil

C2222227277 72772 Electron gun

Incident =
—— ]
light (S

Signal electrode Deflection coil

FIGURE 5.1-1: CROSS-SECTIONAL DIAGRAM OF A TYPICAL VIDICON

Prior to writing, the surface of the photoconductive layer is assumed to
be at zero potential, having been charged to this equilibrium potential
during previous scanning by the reading beam. With a dc voltage of +20V on
the back plate, a uniform electric field is established across the
photoconductor. During writing, an image of 1light or other radiation to
which the photoconductor is sensitive, is projected on to the
photoconductive layer. This generates free carriers. The resulting
increased conductivity allows a fraction of the local surface charge to leak
to the back plate, causing the surface to shift toward back plate potential.
A pattern of potential variations is thus established on the photoconductor
surface.

During reading, which is wusually simultaneous with writing, the
photoconductor is scanned by the primary beam. Since the surface potential
of all photoconductors is low with respect to the reading gun cathode
potential, the secondary emission ratio is less than unity. Each of the
elements is thus shifted back to its equilibrium potential (i.e., the
potential of the reading gun cathode). As each element is shifted to ground
potential in scanning, a capacitive current is produced through the target
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whose magnitude varies in accordance with the charge deposited by the beam.
These time varying currents in turn produce a half tone output signal voltage
across the 1load resistor. In normal operation, the scanning of the
photoconductor during reading acts to shift the elements down to a potential
which is close to the equilibrium (ground) potential. This automatically
erases stored information. Ideally this should be accomplished in a single
scan. In practice, several scans may be required to fully discharge or erase
the target because of the capacitance of the target and velocity spread of

the primary beam.

Relatively few target materials have been found which satisfy the
requirements imposed in the photoconductive layer by vidicons. To enable
charge storage, the dielectric relaxation time or R-C constant in the dark
must be considerably longer than frame time. For operation at conventional
TV frame rates, a target resistivity of approximately 1012 q-cm is required.
In addition, the response time of the photoconductor to changes in
illumination should be approximately a frame time or less to prevent lag or
image smear in the case of moving scenes. The choice of photoconductive
target material 1is the construction variable which best characterizes
vidicons. The following paragraphs present a brief description of the three
photoconductive materials most often used.

The photoconductor target material used in most commercial applications
is antimony trisulfide (SbpS3). The material is relatively stable and has
spectral sensitivity peaked in the red between 700 - 800 nanometers {(nm).
However, by evaporating the material in a residual gas atmosphere to form a
porous layer, its response can be shifted to 550 nm in the green. This will
more closely match the response of the eye. One of the limitations of Sb»S3
is its photoconductive decay time. After cutoff of the input light, several
TV frame times are required for the photoconductivity toc fall to 10%.
Because of the long tail of the decay curve, objectionable image smear occurs
particularly at low input light levels.
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The photoconductive material generatly used in military applications is

®
A e e e Aol

a silicon diode array. Silicon target vidicons offer extremely high |

sensitivity, low dark current, exceptional resistance to image burn and high
resolution capabilities. The spectral response for silicon target vidicons
ranges from 380 to 1100 nm. This broad spectral response range extends into
the near infrared. D e ]

For direct pick up of x-ray images a number of experimental vidicons have ST
been developed. One of the target materials is lead monoxide, (Pb0). A
major problem associated with PbO targets is a fatigue effect whereby S
irradiation of the layer with x-rays during application of voltage causes a -
gradual increase in image persistence. This is also accompanied by a loss in
sensitivity and the development of nonuniformities.  Such effects are -
believed to be partially associated with the loss of oxygen from the PbO. !sl.?
For pickup of color images, the input image is separated optically into three
color components. In operation, a single reading beam is used and the tube
is scanned in the same manner as a conventional vidicon. Output signals are

[
i :
.

generated simultaneously across the three load resistors corresponding to
the three color components of the input image. One of the problems of such ]
9
tubes is signal lag caused by the relatively high layer capacitance of the '
target junction. Vidicons with a PbQ photoconductive material are often used f
in applications when a clear, color picture is required. Z"_':l'j
T4
5.2 Failure Modes and Mechanisms 1
]
Vidicons tend to react to total incident energy, and to some degree are - ‘.ﬂ*
affected by variations in heat, 1ight and radiation, and each power supply as
if the power supplies were signals. Similarly, variations in external
electrical and magnetic fields may affect performance. Therefore, _ .
- o
application environment has a significant effect on vidicon performance. . ,..-.0_.4
The function of the envelope and seals are to provide electrical
insulation and to protect the electron ballistics within the tube by keeping y
the vacuum within the tube constant. Loss of vacuum may occur due to P e
49 S
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deterioration of a seal or microcrack in the tube envelope. The
deterioration of a seal and the subsequent loss of vacuum is a function of
the seal type, vidicon bulb diameter, exposure to thermal cycling and ambient
temperature. A crack in the envelope may occur, especially in the neck area,
due to shock and/or vibration stresses. A partial loss of seal will result
in a contaminated internal tube environment which may poison the cathode or
the photoconductive target and may result in tube degradation or
catastrophic failure. Failure of the vidicon cathode accelerated by a
contaminated internal tube environment is the dominant failure mode for
vidicons.

Another important factor regarding vidicon reliability is that the
cathode must be capable of carrying high current densities and be able to
withstand considerable bombardment by electrons as well as by ions. An
emissive coating is required which will quickly recover in the event of
poisoning and 1is also highly conductive, electrically and thermally.
Otherwise, the potential difference across the emissive coating may result
in breakdown through the coating. Good thermal conductivity is necessary to
prevent the surface of the cathode from overheating, and then either melting
or deteriorating.

Exposure to shock or vibration may result in the repositioning of the
grids, electrodes and deflection plates. The repositioning of the grids,
electrodes and deflection plates may result in either performance
degradation or catastrophic failure depending on the magnitude of the
repositioning.

The rilament provides thermal energy sufficient to excite the electrons
in the cathode to a state where some of the electrons obtain enough energy to
escape. The primary failure mode of the filament is an opcn. The frequency
of this failure mode is a function of temperature cycling, oxidation, shock,
vibration, applied power and method of applied power.
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An important problem in vidicons is image lag caused by incomplete
discharge or shift of the photoconductive to equilibrium potential in a
single scan of the reading beam. This effect tends to be more noticeable at
low input levels when the magnitude of the potential pattern established in
writing is low. If the image lag phenomenon becomes severe, then the vidicon
must be replaced. Image lag is a degradation failure mechanism. To insure
adequate discharge of the photoconductive surface in a single scan, the total
capacitance of the target should be sufficiently low. Separate
consideration also requires that the photoconductive layer have a total
capacitance which never exceeds a certain value. This is based upon the fact
that sufficient charge must be deposited on the surface by the reading beam
to produce an output current substantially greater than the noise currents of
the load resister and video amplifier.

In the wusual vidicon, the output signal increases linearly with
increasing input light. At high signal levels optical overloading occurs.
Optical overloading is defined as that illumination for which all of the
target plate shows effects that persist long enough for the human eye to
detect the persistence. As the intensity of a point in the field of view
increases, a level is reached where the output saturates. The output signal
nu longer increases with input light. With further increase in source
intensity, the saturated point on the target material begins to spread into
surrounding areas because of lateral current flow in the photoconductive
target, internal reflections in the faceplate and flow in the output optics.
This phenomenon is known as blooming and is most predominately noticed in
vidicons with SbpS3 photoconductive material.

In operation, the target backplate potential is frequently varied to
produce optimum sensitivity and image quality. As the backplate voitage is
increased, the photocurrent is increased because of a higher electrical
field across the photoconductor. However, above a certain voltage the dark
current increases rapidly causing objectionable non-uniformities in the
picture background and reducing the signal to noise ratio. At low inputs the
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operation of vidicons is limited by thermal noise generated by the load
resistor and the succeeding amplifier. » O |

The most frequently observed failure modes for vidicons are degradation
modes. Therefore it would be anticipated that the instantaneous failure rate
function would be increasing in time. Unfortunately, data to support this ® o,

hypothesis is nonexistent. Therefore, the vidicon failure rate prediction
models to be presented in Section 5.3 represent an average failure rate with

respect to the anticipated equipment life. Time to failure data for cathode
ray tubes (which have certain construction similarities to vidicons)
indicate that the constant failure rate assumption does not introduce
significant errors.

5.3 Vidicon Failure Rate Prediction Model

This section presents the proposed failure rate prediction model for

vidicons. The proposed model only applies to vidicons with antimony ]
trisulfide (SbpS3) or silicon diode array photoconductive materials. The - “'i.?j
proposed model is: e
)\p = >‘b x TE - _}
] ,".',1

where ~
Ay = predicted vidicon failure rate in failures/100 hours =

p
Ap = base failure rate ’ "'#
= 51 failures/108 hours, SbyS3 vidicons R
= 48 failures/106 hours, silicon target vidicons ]
Mg = environmental factor (see Table 5.3-1) 1/f‘;
) @]
;. e
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TABLE 5.3-1: ENVIRONMENTAL FACTOR

Environment nE Environment TE
Gg 0.5 A1A 2.0
GF 1.0 AlF 10.0
GM 9.0 Auc 6.5
Mp 18.0 Ayt .0
Nsg 7.6 Ays 9.5
NS 7.6 Aya 2.5
Ny 13.0 AUF 15.0
NH 28.0 Sf 0.5
Nuu 30.0 MFF 18.0
ARW 40.0 MFA 25.0
Arc 5.5 UsL 53.0
ArT 6.5 ML 61.0
Aig 7.5 CL 1000.0

5.4 Failure Rate Model Development

The approach utilized for model development of vidicons was to assume a
model form based on physics of failure information. The model parameters
were quantified by analysis of life test data, field experience data and
The
vidicon failure rate data collected in support of this study is presented in

Table 5.4-1.

comparisons with devices having similar construction characteristics.

Application and construction variables were identified for vidicons and
are presented in Table 5.4-2. The application and construction variables
represent possible failure rate model paramet-rs which were determined

whenever possible for all collected data. Significant model parameters
could not be identified exclusively by data analysis due to the relative
scarcity of accurate field experience and life test data. Therefore, based

on theoretical analysis of vidicon reliability characteristics it was

determined that the application environment and choice of photoconductive

53

e .

-
3
3
[ o
. h
° 9
|
.
T A
- - -3
o o]
4
T4
> o]
,4
5

--------

' e



v

BR/DARAESACKD At al ARRIIN

(2 oll = *dway juaique) aunjeaadwd) pajead|d e bulLysay a1 (£)

adal

‘pajou st ejep 33l () o

L

paunssy (2) T

“umouxun (1) .«M

*SILON b

, 4

L

000°2€162 28y SvioL _ T ¢
000* 06502 £ 362403 JueULOp () JuewI0g (1) () L > S
000°871 S 1593 3411 Le1o4un0) (€) w2/1 3poLQ uodL(1S 9 u
0uU " 00E 4 1533 | Leio43uu0) 89 w€/2 mmmnm S , \”.
000°00¥ vl 1533 9311 (R1O43WWO) 89 Wl fs%qs p “
000°102 v91 9-0Yv/NY (1) any (1) (2) spoig uodtL|Ls € . “
000°¢T 1 £1-0Xv/NY () yny (1) apoLQ uodi{Ls 4 ,
00008y ‘¢ 162 2-SX9/Ny LeLd43uni0) 49 Wl 3poiLg uwodL{ig 1 “
SANOH 1484 S3Jn|teq (v )3uauwdinb3 £yl end JUaWUOL LAUT Jajawerg agny LeLJ433 8K 2A1]DNPUOIOIOUJ o, faju3 .4

Viva 31vd 3dNTIVd NODIQIA

‘1-%°6 38vl




I1.
I1I.

Iv.

VI.
VII.

VIII.

IX.

*, XI.

e PP S Sy

C - S S M A e i S B Y

Sl et i At S s Sl Shadc Seme SAC)

TABLE 5.4-2: VIDICON CONSTRUCTION AND APPLICATION VARIABLES

Photoconductive Material
A. Chemical Compound

1. SbpS3
2. Pb0
3. Other

B. Silicon Semiconductor

Image Range

A. Visible

B. Infrared

C. Ultraviolet
D. X-Ray

Tube Dimensions
A. Diameter
B. Length

Focus Method

A. Magnetic

B. Elec‘rostatic
Deflection Method

A. Magnetic

B. Electrostatic

Color vs. Black and White

Heater Voltage and Current

A. Rated

B. Actual
Grid Voltages
A. Rated

B. Actual
Temperature
A. Rated

B. Actual

Application Environment

Manufacturing Quality Level
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material were the two dominate factors effecting vidicon failure rate. Many
other factors effect vidicon reliability, but the number of model parameters
is limited by the available data.

Failure rate data was collected from four different environment
categories. However, it was determined that there was insufficient
empirical data to develop a unique series of environmental factors for
vidicons. Therefore, the existing MIL-HDBK-217D environmental factors for
other tube types were analyzed to investigate whether they could be applied
to vidicons. A single series of environmental factors is currently applied
to all tube types included in MIL-HDBK-217D except for traveling wave tubes
(TWTs). It was assumed that these existing tube environmental factors could
also be applied to vidicons without introducing error because of
construction similarities with other tube types such as cathode ray tubes.
The additional avionic environmental factors presented in RADC-TR-81-374
(Ref. 1) were also included in the proposed vidicon failure rate prediction
model. Although the vidicon failure rate data presented in Table 5.4-1 is
not sufficient to confirm these factors, the data does appear to be in
agreement with the existing tube environmental factors.

The failure rate data (data entries 1, 2, 3, 4 and 5) were normalized for
environment and merged to determine base failure rate values for vidicons
with Sb25S3 and silicon diode photoconductive materials. No failure rate data
was available for vidicons with other photoconductive materials such as lead
oxide (Pb0). Therefore, the proposed failure rate prediction model is
limited to vidicons with Sb»S3 and silicon diode photoconductive materials.
The normalized failure rate point estimates, lower 10% and upper 90%
confidence 1imit values are presented in Table 5.4-3.

TABLE 5.4-3: NORMALIZED FATLURE RATES

Base Failure Rates

Photoconductive Normalized (F/lO6 hrs.)
Material Failures Part Hrs. (X100) L 10%CL PT EST U 90%CL

Sb2S3 456 9.423 45.51 48.39 51.42

Silicon Diode 18 0.350 36.48 51.43 70.58
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The results presented in Table 5.4-3 are in complete agreement with the
anticipated failure modes and mechanisms of vidicons. As stated in Section
5.2, the dominant failure mode for vidicons is failure of the cathode, which
is physically similar for each vidicon type. Therefore, the results showing
that the normalized failure rates were numerically close was expected.
Degradation failure mechanisms associated with the photoconductive material
such as blooming and image lag are noticed more frequently with Sb2S3
photoconductive material. Therefore, the normalized failure rate for SbpS3
vidicons being higher was also expected.

The homogeneity test for merging data described in Section 3.1 was
applied to the data (normalized for environment) to determine whether the two
base failure rate point estimates given in Table 5.4-3 differ significantly.
The results of the test indicate that the Kolmogorov-Smirnov statistic is
equal to 0.310 which is less than the critical value at 5% significance equal
to 0.565. This means that all normalized failure rate data could have been
merged. However, the point estimate base failure rates are in agreement with
theoretical analyses and show proper discrimination against device
construction. Therefore the optimal base failure rates to be applied to
vidicons are those given in Table 5.4-3 and the proposed vidicon failure rate
prediction model is,

>
o
§

= Ap X TE

Ap = predicted vidicon failure rate

Ap = base failure rate
= 48, SbpS3 (antimony trisulfide) photoconductive material
= 51, silicon diode photoconductive material

Tg = environmental factors
= existing MIL-HDBK-217D electron tube factors.
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A1l of the data ¢ollected were for mature vidicon devices. Since there
were no data available to prove or disprove the learning curve (m ) factor
currently in MIL-HDBK-217D, this factor was retained for the current model.
The proposed operating failure rate model then becomes:

Ap = Ap x ME x T
where
Aps Aps TE and m_ were defined in Section 5.3

The proposed failure rate prediction model for vidicons improves the
overall utility of MIL-HDBK-2170. The existing absence of a vidicon model
has impaired reliability prediction capabilities for surveillance equipments
like the AN/GXS-2 Ground Intrusion Detection system.
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6.0 CATHODE RAY TUBES ]

6.1 Part Description

The cathode ray tube (CRT) is the most common display device used due to

ia
its flexibility of performance, resolution, dynamic range and simplicity of ) *.—:
hardware. The CRT consists of an electron emitting element or cathode with v E
an electron beam forming and control structure. The electron beam is 2
positioned and focused on a phosphor. Focusing and positioning or deflection ]

-
. . &
.l 1y ¢ .
Aridnahpadndendibio d

can be obtained by either electrostatic or magnetic fields. The energy of

the electron beam excites the particles of a phosphor screen which emits the
energy as light. Color of light, storage or decay rate of emission and light
3 conversion efficiency depend on the properties of phosphor.

Typical electrostatic and magnetic deflection systems are shown in

:Q Figures 6.1-1 and 6.1-2. Electrostatic deflection tubes utilize an electric B
R field to deflect the electron beam. Deflecting electrode plates are mounted v"-j
in pairs on each side of the beam. A potential difference between the plates p,;...n.‘:a.;j
deflects the beam in proportion to the established field intensity. Two S :\}
pairs of orthogonal plates are generally mounted sequentially on the beam ’t*i’-"j
path to allow deflection in both x and y planes. Minimum distortion of the A
beam and maximum deflection linearity are achieved by applying equal and i‘_;_— .%
opposite voltages to the deflection plates. Apertures to limit the beam size 1
]

are also employed to minimize beam interaction with the deflection fields and
deflection defocusing. The complexity of the electrode design and the LT
required sensitivity of the design limit the application of this deflection - ~.,1
approach. : '

The deflection is an inverse function of the beam potential. To increase

brightness with electrostatic deflection and minimize deflection voltage ) .9
requirements and overall tube length, it is common to use a post acceleration j . -
type tube. In this type tube, the beam is deflected at an intermediate j!_ ‘:ﬁﬁ
potential and then is accelerated to a final potential. The deflection ‘~f
system is generally operated at around ground or chassis potential and the b ‘-._:1
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FIGURE 6.1-1: ELECTROSTATIC DEFLECTION SYSTEM
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FIGURE 6.1-2: MAGNETIC DEFLECTION SYSTEM

60

[ ] o {
R
» o
"', 9
s
» _f]{%
B
Ve
o
| S T
Y
]
]
R
V. @
ff:hl
e
- e ‘
) 1!%4
.
. B
I




P——— —pre— o it IS R e ek ne acfh Al A s ens e o et d Mind s i iea ek i S i ARG AR S

rTectron gqun is operated at a negative potential equivalent to the
intermediate accelerating voltage. To improve the linearity and beam focus,
1 high resistance spiral is often used on the ins.de of the bulb between the
intermediate voltage anode and the final anode to obtain a linear post
acceleration field.

Electromagnetic deflection tubes have an elect:omagnet or deflection
yoke positioned around the neck of the tube to provide a magnetic field for
beam deflection. The deflection sensitivity of the magnetic tube is a linear
function of the magnetic flux density and length of the magnetic field and is
inversely proportional to the square root of the beam potential. Since the
deflection varies inversely as the square root of beam potential, the
advantage of post-acceleration with magnetic deflection is diminished as
compared with electrostatic deflection tube.

Dual electrostatic-magnetic deflection is sometimes used for special
purpose applications. Magnetic deflection is used for the major beam
positioning with eiectrostatic deflection utilized for low-angle or minor
deflection.

Focusing of the CRT electron beam is required to converge the beam into a
usable spot on the face since the initial beam from the electron gun is
diverging. Performance of the focusing system is a function of the ratio of
the distance between the focusing lens and the screen to the distance between
the focusing lens and the electron gun aperture.

The effective focus of the electron beam is limited by factors which are
not optical in nature. Maximum resolution of the beam is a function of the
current density and effective anode volitage. The space charae effect of the
electron beam limits the minimum size of the beam. The size of the object at
the CRT cathode also increases as the c¢ node current 1is increased.
[ncreasing the screen grid potential increases the resolution of the spot by
minimizing the effective aperture size of the electron beam at the expense of

increasing the modulation requirements for the control grid. Another factor
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limiting the focused resolution is the variation of the electron velocity and
the fact that the paths of all electrons in the beam are not svmmetrical
around the center. Increasing the final anode voltage reduces the effect of
variations in the initial velocities and directions of the electrons in the
beam. CRT focusing is not analogous to optical focusing in that fields are
not sharply confined.

CRT focus'ng may be either electrostatic or magnetic. Electrostatic
focusing type tubes have either bipotential or unipotential guns. The
bipotential type has a tetrode type gun and offers high resolution and
moderate deflection defocusing. The unipotential CRT has a triode type gun
and offers medium resolution and low deflection defocusing. Magnetic
focusing tubes utilize an axial magnetic field concentric with the beam axis
of the CRT to converge the electron beam. In magnetic focusing, electrons at
an angle to the magnetic lines of force are deflected toward the line of the
magnetic field. Thus if the center line of the magnetic field is not
parallel and concentric with the center line of the beam, the beam shape and
resultant spot will be distorted and aberrations of the beam will occur.
Magnetic focusing generally provides better resolution, largely because the
magnetic focus coil is necessarily located further from the gun and the
magnification factor based on the ratio of object distance to image distance
has the lower number. However, the magnetic focus tube has the largest spot
growth or defocusing at the edge of the tube, owing to the larger beam bundle
in the magnetic focus lens and to the sharper crossover at the screen caused
by the lower ratio between the image distance and the object distance.

The major parameters for evaluation of deflection yokes are deflection
sensitivity, inductance and speed. Other parameters are the accuracy of the
orthogonality of the coils for xy deflection yokes, magnetic sensitivity,
coupling between othorgonal coils and deflection defocusing of the yoke.
Deflection defocusing of the CRT is a function of the uniformity of the
magnetic field and fringing fields. Fringe fields at the ends of the yoke
can be modified by shielding. However, such shields add time constants to
the magnetic field and produce non-linearities in fast sweeps or require
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increased settling time for random positioning. Cathode ray tubes are
fields
transformers, fans or servomotors may requive shielding at both the source
and the tube.

modulate the display.

sensitive devices requiring careful shielding. Magnetic from
Fields from high current AC conductors near the tube may also
Generally the shield must cover both the area between

the yoke and gun and the bell of the tube near the face plate.

In the cathode ray tube the electron beam energy is converted to light by
a phosphor. The phosphor is a luminescent material in which the energy of
the electron beam 1is transferred to an electron in the phosphor crystal
raising the energy level of the electron. The electron then releases a
quantum of light energy when it returns to the initial or original state
subsequent to the excitation. The period of light emission from the phosphor
after excitation is termed the persistence of the phosphor. The nature of
persistence, or decay characteristic as a function of time, may vary from
logarithmic to exponential. The decay characteristic of phosphor is
affected by variables such as anode voltage, repetition rate, duration of the
excitation and current density of the electron beam. Selection of a phosphor

requires the balancing of several factors. Among these are color,
persistance, relative efficiency, resolution capability and its life time.
Phosphor life time or its durability is nbrma]ly relatad to the sensitivity
of phosphor to overheating or burning. Since the efficiency of beam energy
conversion to light is fairly low, most =lectron beam energy is dissipated as

heat.

The contrast of a CRT limited by reflected
illumination and scattering of light emitted by phosphor in the face plate.

is light from ambient

Light emitted from the written image results in halation or a series of

concentric rings around the beam spot. With large area beam writing, the
halation causes a general illumination of the phosphor reducing the CRT
contrast. Halation is the effect of specular reflection of light that

exceeds the critical angle of a glass-air interface. Another effect limiting

display visibility is light reflection from various glass-air interfaces.
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Anti-reflection coatings such as magnesium fluoride reduce these

reflections.

The glass envelopes for CRT tubes are designed with a desired flat face

for the viewer and minimum glass thickness to reduce the weight of the
envelope. A flat face plate also leads to increased non-linearity and
pattern distortion. Glass envelopes are designed and tested to withstand
three to five times atmospheric pressure at a reasonable margin of safety. A
metal cone may be utilized for the bell of the CRT. A rim on the metal cone
supports the face plate, which is sealed to the rim under compression. This
seal increases the face plate resistance to implosion. The metal cone is
also self shielding to magnetic and electrostatic fields. The end of the
metal cone is protected and insulated for safety.

6.2 Failure Modes and Mechanisms

Cathode ray tube reliability depends on the performance of the electron-
optics and phosrhor screen life time. Mechanical stresses may cause
implosion of the tube, or broken connections and filaments. Degradation of

the seals may cause cathode poisoning and eventually tube failure. Phosphor
. brightness anrd durability reduce with time resulting in low brigiitness or
_ image distortion. High current densities cause burn-out and aging of the
phosphor resulting in the fall-off of brightness. External fields may cause
focusing degradation. Erosion and change in the characteristics of the

s w w e
LA/ LI . i

cathode may deteriorate the electron beam resulting in low brightness or

LA

B image distortion. An open filament (heater) causes a catastrophic failure.

The failure mechanisms most 1likely to be directly or indirectly

responsible for these failure modes are excessive heat and ambient

? conditions. Both heat from the environment arourd the tube and heat
. generated within the tube create this adverse effect. Internal heat rise is
due to one of two sources: the current flow from one element of the tube to

: another element, and pcwer used to raise the electron-emitting ccthode to
} operating temperature. The ambient conditions other than temperature that
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are most likely to be directly or indirectly responsible for tube failure are
shock, vibration and electromagnetic fields.

6.3 Cathode Ray Tube Prediction Model

This section presents the proposed failure rate prediction model for
cathode ray tubes (CRTs). The proposed model is:

Ap = Ap X TE

predicted CRT failure rate (F/10% hours)
base failure rate (F/106 hours)

9.6 F/106 hours

environmental factor (Table 6.3-1)

i

i

TE
L

learning factor (Table 6.3-2)

6.4 Failure Rate Model Development

The approach utilized for model development was to identify significant
parameters by analysis of the CRT field experience failure rate data. The
model parameters were then quantified using the same data. At the conclusion
of each step, the results were given a thorough analysis to determine whether
they were consistent with the theoretical physics of failure information.
The CRT failure rate data collected in support of this study are presented in
Table 6.4-1.
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Application and construction variables were identified for CRTs. These
variables which are listed in Table 6.4-2 represent factors which were
determined whenever possible for all collected data.
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t*(yrs)
"L**

e

10
=1

TABLE 6.3-2: LEARNING FACTOR

* t = number of years since introduction to military use

10t-2.1  for 1<t<3

for t>1
for t <3
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TABLE 6.3-1: ENVIRONMENTAL MODE FACTORS . J
Environment T Environment TE .A:
Gg 0.5 AIA 2 .
GF 1.0 ATF 10 - ;,NQ
G 9 AUC 6.5 o
Mp 18 AUT 8 e
Nsg 7.6 AUB 9.5 S
N . . -
S 7.6 Aua 2.5 e
Ny 13 AUF 15 R
NH 28 Sf 0.5
Nyy 30 MFF 18 L
ARW 40 MFA 25 Y
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IT1.

ITI.

Iv.

VI.

VII.

VIII.

IX.

XI.

XII.
XIII.

TABLE 6.4-2: CRT CONSTRUCTION AND APPLICATION VARIABLES

Tube Dimensions

A. Length

B. Screen Width (or radius)
C. Screen Height

Focus and Deflection Method
A. Magnetic

B. Electrostatic

Color vs. Black and White
Number of Guns

Anode Voltage

A. Rated

B. Actual

Heater Voltage and Level
A. dc

B. ac

1. Frequency
C. Rated Voltage
D. Actual Voltage

Operating Temperature
A. Rated

B. Actual

Application Environment
Manufacturing Quality Level
Grid Voltage(s)

A. Rated

B. Actual

Operation Mode

A. Operating

B. Stand by

Tube Envelope Material and Phosphor Type

Cathode Voltage
A. Rated
B. Actual
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Stepwise multiple linear regression analysis as described in Section 3.1
was applied to the CRT data. Theoretically, temperature, envelope material,
and grid voltages should be significant variables effecting failure rate;
however, the amount of data available did not allow for the inclusion of
these variables in the analysis. The regression analysis resulted in the
following failure rate prediction model:

kp=>\bX'ﬂ'E
wnere
Ap = CRT failure rate in failures/100 hours
Ap = base failure rate
= 9,626 F/106 hours
mE = environmental factor

The environmental factor was significant at the 0.90 confidence level. One
other factor, magnetic vs. electrostatic deflection method, was significant
at the 0.70 confidence level. The regression showed a 0.29:1 difference
between magnetic and electrostatic deflection respectively. The difference
is consistent with theory since the elements necessary for electrostatic
deflection are an integral part of the tube whereas the elements necessary
for electromagnetic deflection are not part of the tube. However, due to the
unbaianced nature of the data (only one data entry with electrostatic
deflection) and the fact that the approximately 3:1 ratio did not seem
warranted, this factor was not included in the model. The details of the
regression analysis are given in Table 6.4-3:

TABLE 6.4-3: RESULTS OF CRT REGRESSION ANALYSIS
Variable Coefficient {bi) Standard Error F-Ratio
Ab 2.264416 (1) - -
ne, AlC 1.223334 (1) ‘ 0.6180 3.92
TE, GF 1.0 -- --
Notes: (1) factor = exp(bi)
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Environment was identified as a significant variable in the regression
analysis; however, only two data points were included in the analysis (GF and
Arc). The standard error statistic (Table 6.4-3) allows for the calculation
of confidence intervals for a factor. Table 6.4-4 presents the point
estimate, lower 20% confidence 1imit and upper 80% confidence 1imit for the
Aic environment along with the current Al environmental factor (reference
1).

TABLE 6.4-4: Ajc ENVIRONMENTAL FACTOR CONFIDENCE INTERVALS

Parameter L 20%CL PT EST U 80%CL Current
Factor
Arc 2.0 3.4 5.9 5.5

Since the current factor lies within the 60% confidence interval of the
observed factor, there is no reason to assume that the current factor is
incorrect. It was then assumed that the current set of environmental factors
given in reference 1 are still valid.

A1l of the data collected were for mature CRT devices. Since there were
no data available to prove or disprove the learning curve (w ) factor
currently in MIL-HDBK-217D, this factor was retained for the current model.
The proposed operating failure rate model is then:

Xp = Ab X Tg x T
where

Aps Ap Tg and ™ were defined in Section 6.3

A11 of the data used for this study were from the field environment. No

information were available to identify if a failure occurred during an

operating, nonoperating or standby state. Therefore, it had to be assumed
that the predicted failure rate included the contribution of the operating,

70

) i.'{
]

) e
S

) o 1

‘a ‘a4 4 g




M s e i e g DS g e hde Mt Sadi S-St At M iR T e

nonoperating and standby failures. The inclusion of any nonoperating or

ii standby failures should not bias the operating failure rate model too heavily ) e
‘; because 8 of the 11 data points used in the analysis were from systems that

E{: normally operate 24 hrs/day 7 days/week, and one of the Ajc data points (by ;
;Q_ far the largest) was from the commercial airlines where equipment usage is SRR
i quite high (50%). e ]
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7.0 LASERS

The current version of MIL-HDBK-217 contains failure rate models for the

following laser types:

Helium/Neon

Argon Ion

C02 Sealed

CO2 Flowing

Solid State, Nd:YAG Rod
Solid State, Ruby Rod

In addition the laser section of the handbook contains failure rate models
for Xenon and Krypton flash lamps.

A data collection effort was initiated to acquire physics of failure
information, life test data and field experience data on the lasers and flash
tubes listed above, plus two additional laser types which were identified as
potential laser sources for military applications. These additional laser
types are Helium-Cadium and Semiconductor Diode. The data collection effort
fell short of expectations in that sufficient data for reliability modeling
could be obtained only for Helium/Neon, Nd:YAG Solid State, Helium/Cadmium
and Semiconductor Diode lasers. It was found that the remaining laser types
are rarely used in military applications and therefore sufficient field
experience data for modeling was unavailable.

The approach proposed for model development was to identify significant
variables from the literature (Table 7.0-1) and to use these variables to
quantify the field experience and life test data. It was intended that
physics of failure information would be used to hypothesize a model form and
that regression techniques would be applied to the failure rate data to
identify significant variables and to derive parameters for the significant
model variables. With the exception of semiconductor diode lasers, there was
insufficient data collected to apply this approach. The approach that was
used to develop each model is described in the following subsections.
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TABLE 7.0-1: LASER CONSTRUCTION AND APPLICATION VARIABLES .
- 4
Type and Lasing Material b9y
A. Solid -}-}jj
1. Lasing Material T
Liquid j'}
1. Lasing Material ]
C. Gas ' ..1
1. Lasing Material "]
D. Semiconductor 1
1. Lasing Material ;
Power Level
A. Continuous ' .i
1. Rated e
2. Actual S
B. Pulse T
1. Rated S
2. Actual
Rated Life
A. Hours
B. Pulses
Pumping Mechanism
A, Type
1. Optical AR
2. Chemical R
3. Electrical ]
a. Discharge S
i. Transverse if*‘?]iqi

b. Current
B. Components
1. List Quantity and Type
2. List Temperature and Stress Level for Each Component1
C. Number of Firings (flashes)

i

1. Rated p.f =@

2. Actual TR
D. Output Energy Level ]

1. Rated T

2. Actual IR
Material Y I
A. Tube oo

1. Quartz

2. Glass

3. Etc.




VII.

VIII.

IX.

VI.

TABLE 7.0-1: LASER CONSTRUCTION AND APPLICATION VARIABLES (CONT'D)

B. Seal
1. Epoxy
2. Glass
C. Lens
1. Quantity
a. Quartz
b. Glass
Q-Switch
A. Type

1. Electrooptical
2. Rotating Prism (mirror)
3. Acoustooptical
4. Saturable Absorber
B. Components
1. List Quantity and Type
2. List Temperature and Stress Levels for Each Component

Firing Circuit (Pulse forming)
A. Components
1. List Quantity and Type
2. List Temperature and Stress Levels for Each Component

Power Supply
A. Components
1. List Quantity and Type
2. List Temperature and Stress Levels for Each Component

Mirrors
A. Quantity
1. Totally Reflective
2. Partially Reflective
B. Seal Type
1. Hermetic
2. Dust
3. None
C. Alignment
1. Adjustable
2. Nonadjustable
D. Material
1. List A1l Materials
a. Reflective
b. Substrate

Cooling Circuit
A. Type
1. Forced Air
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TABLE 7.0-1: LASER CONSTRUCTION AND APPLICATION VARIABLES (CONT'D)

2. Liquid
3. Gas
4. None
B. Components
1. List Quantity and Type
2. List Temperature and Stress Levels for Each Component
XI. Auxiliary Circuits
A. Type
1. Input/output Valves
a. Liquid
b. Gas
2. Mixing Chamber
3. Frequency Doubling Crystal
B. Components
1. List Quantity and Type
2. List Temperature and Stress Levels for Each Component
XII. Temperature (Ambient or Tube)
A. Rated
B. Actual
XIII. Operating Environment
XIV. Manufacturing Quality Level
Additional Information
I. Part Designation
A. Military
B. Commercial
NOTE: 1) Temperature and Stress Level are those required to calculate a

MIL-HDBK-217 Part Stress Level Failure Rate.
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It is proposed that the current Argon Ion, C02 Sealed, CO2 Flowing and
Solid State, Ruby Rod models be retained until sufficient field experience
data are available to reanalyze them.

.'. "' -‘ ,'i“

7.1 Semiconductor Lasers

A
e

-I 7.1.1 Device Description

- Various semiconductor materials have been shown to exhibit laser
b‘ properties when an electric field is applied. These are sometimes referred
§ t2 as injection lasers. Semiconductor lasers are finding applications in
areas such as range-finding, pollution detection and communication. The
wide range of wavelengths obtainable, inherent simplicity of large scale

manufacture, compatibility with electronic circuitry and small size can be
expected to result in large scale applications.

The most common form of semiconductor laser consists of a p-type and n-
type material forming a p-n junction. Electrodes are attached to the
opposite faces of the material and are connected to a power supply (pulsed
and/or DC). When the p-n junction is forward biased optical radiation is
generated, electrons in conduction band recombine with a hole in the
valence band to give a quantum of radiation with energy equal to the energy
difference between the two states. This radiation is called recombination
radiation. If a sufficient population inversion in the junction area is
achieved, (i.e. greater number of electrons in conduction band than holes in
the valence band), then recombination may be stimulated and laser action i<
possible. The wavelength of the laser transition is determined by the size

of the band gap. One of the simplifications of diode lasers as compared to
other lasers is that no external mirrors are needed to provide feedback. The
¥ high reflectivity due to the refractive index difference at the air-diode
interface is sufficient. The diodes are cleaved along material crystal
planes and the parallelism of the reflecting surfaces is assured.
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The most extensively studied semiconductor laser is the Ga-As diode
laser. Typical construction of a double heterostructure stripe Ga-As diode
laser is shown in Figure 7.1-1. The laser may operate in the pulsed or (W
mode. Excitation is carried out by an electrical current and results in
relatively large temperature increases. CW operation usually requires an
efficient cooling system.

Stripe conloct

A, .
Ti*Au contact 20 ym wide

Z.nc skin difusion

Oxide

helerosiructure
loyers

—

FIGURE 7.1-1: DOUBLE-HETEROSTRUCTURE STRIPE LASER

Semiconductor lasers that are fabricated from a single semiconductor (eg
GaAs) are called homojunction lasers. Heterojunction lasers are fabricated
from more than one type of naterial. In both types of lasers, both injected
electrons and emitted 1ight must be confined to the junction region for an
efficient stimuiated emission process. In the homojunction Tlaser the
confinement of light to the junction region is a consequence of the free
electrons and holes. They serve to increase the refractive index so that
light is reflected internally rather than out of the junction region.
Although this confinement mechanism works sufficiently well to allow the
homojunction lasers to operate, the current density is high and efficiency is
low. Some 1light spreads out of the reqion reducing the amount available to
provide stimulated emission. The electrons are injected into various
distances in the p-type region before they recombine.
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A much higher lasing efficiency and a much lower threshold current

d¢on. ‘v is obtained when two materials are used to form a Jjunction.

Materials such as Gallium Arsenide and Aluminum Arsenide and its admixture Ll
;ﬁ Gallium Aluminum Arsenide have different refractive indexes and band gaps. ff?3fj;ﬂ
f; The discontinuity in refractive indexes causes radiation generated within EJ;fTElQ
s the junction to be reflected back into the region giving higher 1lasing ;i;%;‘i
efficiency. The band gap difference confines the carriers to the junction
region and thereby reduces the threshold current density. Heterojunction

PN

________

lasers are of two types. The single heterojunction laser is formed by e

AR

depositing p+type GayAlj-xAs layer on n-type Ga-As. The double
heterostructure consists of a triple structure of p-type Ga-As sandwiched
between p* type and n-type GaxAli-.xAs. The triple structure is frequently
mounted on n-type Ga-As substrate with p-type Ga-As on top to provide

contact. The double heterostructure approach reduces the threshold current

density to about 2000 amp/cm? as compared to 8000 amp/cm? for single
iz heterostructure and 100000 amp/cm2 for homostructure lasers. Coupled with
:L the decrease in threshold current density is a corresponding increase in
power efficiency due to stricter confinement of the radiation to active
region.

Semiconductor lasers are very susceptible to failure due to reverse
bias; therefore, extreme care should be taken to ensure that the 1laser
circuitry is resistant to voltage transients.

A 7 a2

7.1.2 Laser Failure Modes

‘ Semiconductor laser failure modes can be separated into three categories

:2 -catastrophic, gradual degradation and functional degradation. The first
- depends on optical flux density, bulk defects and metalization and bonding
' anomolies that have been documented for other semiconductor devices. The
second is related to the electron-hole recombination process and is strongly

affected by the laser technology and operating conditions. The third

> category is related to the ability of the laser to function in specific
design applications. One study (Ref. 14) reported a 2:1 ratio between
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catastrophic and gradual degradation failure during a life test of
approximately 100 double heterojunction GaAlAs stripe geometry lasers.
Other studies have shown that self-sustained-oscillations and frequency
shifts occur in a large portion of the devices (~50%) and that these failure
mechanisms may impact the ability of the laser to perform in different
applications. Therefore, although most of the reliability literature
stresses the gradual degradation phenomena, catastrophic failures and
functional failures may account forr a large portion of the laser failure
rate.

7.1.2.1 Catastrophic Failure Mechanisms

Catastrophic degradation mechanisms that have been documented fall into
two categories - P-side metalization breakdown and catastrophic facet
damage.

P-Side Metalization Breakdown

P-Side metalization breakdown is attributed to metal penetration into
the semiconductor material (Ref. 16). No data were presented in the
literature to describe the rate at which this mechanism occurs or the
activating media, although, since it is a metal diffusion process,
temperature is probably the major activating influence.

Catastrophic Facet Damage

Catastrophic degradation due to facet damage occurs at optical power
densities greater than several milliwatts per micrometer of emitting facet
width after short operating times (Ref. 10). The physical process leading to
this failure mechanism has been documented in the literature (Ref. 10, 16),
and has been found to be a function of optical power density and pulse
length. Two equations that describe the critical flux density are (Ref. 16):
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Critical Optical Flux Density (qc)

qc « t-% (100ns < t < 10-50us) (7.1-1)
qc = Constant (t > 10-50us)

and
gc = t=% (300ns < t < lus) (7.1-2)

qc = Constant (t > lus)

Equation 7.1-1 was derived from test data on 15um wide stripe geometry double
heterojunction lasers. For 300ns pulses, gc was found to be approximately
3MW/CM2, Equation 7.1-2 was derived from test data on broad-contact
homojunction devices. For 300ns pulses, qc was found to be approximately
4MW/CM2.

Facet damage is believed to reduce the facet reflectivity and thus
increase the threshold current and reduce the differential quantum
efficiency (Ref. 10). The effects of catastrophic facet damage can be
mitigated by the use of a half-wavelength (A/2) dielectric facet coating such
as Al1203 (Ref. 16). The degree to which facet coatings affect the
reliability of a semiconductor laser has been shown to be a function of the
thickness of the coating, the dielectric material (A1203, Si02) and the
construction of the laser (Ref. 10, 15, 16). The reliability impact of facet
damage on some of the more advanced laser devices such as stripe geometry
buried heterostructure, narrow stripe or V-groove lasers mav differ from
what was given above for the broad-contact homojunction and stripe geometry
double heterojunction lasers.

: 7.1.2.2 Gradual Degradation Failure Mechanisms

i The gradual degradation of semiconductor lasers has been attributed to

the following failure mechanisms: dark 1line defects (DLDs), dark spot
; defects (DSDs), thermal resistance degradation, homogeneous degradation, and
¥ non-catastrophic facet deterioration. The nature of these mechanisms and
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their affect on the reliability of a semiconductor laser will be discussei in
the following paragraphs.

Dark Line Defects (DLDs) and Dark Spot Defects (DSDs)

Both DLDs and DSDs propagate during operation. They are both regions of
high non-radiative recombination so that the carriers injected into that
region do not contribute to the luminescent output. Additionally, light
travelling in the junction plane can be absorbed in these regions, since they
are regions of loss, which results in further reduction in laser output. One
study (Ref. 5) suggests that DSDs can develop into DLDs. Both DLDs and DSDs
initiate at native defects in the semiconductor material. Sources of OLDs,
that have been identified include crystal edges, stacking faults, DSDs and
various kinds of surface damages induced by scratches, indentations, and
non-uniform bonding. Sources of DSDs are substrate dislocation, segregrated
impurities, and macroscopic foreign particles such as carbon pcwder. Both
DLDs and DSDs are activated by the presence of strain or temperature
gradients and result in the rapid degradation of the laser. One study (Ref.
10) reported a thermal activation energy of O.lev for this mechanism. These
degradation mechanisms were more prevalent in earlier versions of
semiconductor lasers. The newer lasers and more sophisticated manufacturing
and quality assurance techniques have reduced the impact of this degradation
mechanism on the life of the laser. One suggested method of screening is a
short (50-100 hour) high temperature (709C) burn-in (Ref. 10). However, if
the 0.lev thermal activation energy is correct, accelerating the temperature
from room ambient (=209C) to 700C would only have a 2:1 difference in
expected 1ife; therefore, a room ambient test of 100 to 200 hours would have
the same effect. In addition, strain was reported as another activating
mechanism. High temperature operation may, in fact, reduce the strain and,
therefore, defeat the purpose of the screen. A better screen may be
temperature cycling or temperature-vibration for 50-100 hours.

. ad ot S Ar St AT R R S




Pl pli it g el B S i T A g S ! AR A AR A A A e L i L N I A KA e s i S 2 At AR s S TN

..............

Thermal Resistance. Degradation

The increase in thermal resistance in Au-In metalization systems is
attributed to contact deterioration. Investigation of the effect has shown
that it is due to intermetallic and void formation in the indium used to
solder the Au-evaporated chip to the gold plated header (Ref. 15). The
growth of the intermetallic compounds is a function of the temperature, the
length of time of exposure to that temperature and the initial ratio of the
gold to the indium (Ref. 21). A temperature-intermetallic growth figure is
shown in reference 21. The rate of intermetallic growth as given by the
figure appears to follow an exponential curve of the form:

Intermetallic growth = A Th, 20 < T(°C) < 60 (7.1-3)
where
A = 10-8

5.0 to 6.0
temperature (°C)

R

- 3
"

The knee of the curve is at approximately 400C. Reference 21 recommends an
ambient temperature 1limit of 400C for wire bonds. Reference 10 reports a
thermal activiation energy of 0.6ev for contact deterioration in indium
solder based systems. The data shown by the figure given in reference 21 was
fitted to the standard Arrhenius equation using two points at 500C and 600C.
The result was a thermal activation energy of 2.14ev. It should be pointed
out that the use of the Arrhenius relationship with an apparent activation
energy of 2.14eV for prediction purposes would give a lower intermetallic
growth rate than that observed in reference 21 between 20 and 600C. Equation
7.1-3 is more nearly accurate for temperatures between these temperatures.

Thermal resistance degradation then appears to be an exponential
function of time and temperature. There was not enough data to determine the
exact form of the function from the literature.
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Homogeneous Degradation

Homogeneous degradation is a gradual degradation that occurs in lasers.
Reference 10 reports that this degradation process is both current density
(J) and temperature dependent and is reported to be caused by defects formed
by small non-radiative centers. The number of non-radiative centers
increases in proportion to the number of radiative centers resulting in
reduced laser output power. Homogeneous degradation then may be some
increasing function of current and temperature. There was not sufficient
data to determine the form of the equation or its parameters from the
literature; however, from reference 10 the current density and temperature
dependence are bounded by:

1/t=Jn, 1.5<n<2.0 (7.1-4)

1/T < A exp (%%), 0.3 < Ea < 0.95 (7.1-5)
where

1/t = degradation rate

J = current density

A = constant

Ea = apparent activation energy
K = boltzman's constant

T = temperature (9K)

Non-catastrophic Facet Deterioration (Erosion) , 'iﬂ. R

Reference 16 reports that non-catastrophic facet deterioration (erosion)
is a gradual degradation of the laser facets which is caused by some
photochemical reaction at the facet. This deterioration is enhanced by the
ambient conditions and optical flux densities. It was also reported that the T
gradual oxidation introduces extra non-radiative recombination centers near ;;f;;(jf
the facet causing the threshold to rise and introducing losses resulting ;';~;f=;
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in a decrease in external quantum efficiency. Reference 10 reports that the
presence of oxygen or moisture in the ambient gases in contact with the facet
accelerates facet erosion, and that the facet erosion decreases the mirror
reflectivity and increases the non-radiative recombination rate at the
facets. Reference 10 also reports that facet erosion can be prevented by
coating the facet with a A1203 half-wave length thick film. A half-wave film
is used in order to leave the facet reflectively, and hence, the threshold
current unchanged. The application of a quarter-wavelength thick film would
decrease the reflectivity, and hence, increase the threshold current which
would accelerate other failure mechanisms. The coating is believed to
provide a moisture barrier. Reference 13 also reports that facet erosion is
a function of optical flux and ambient gases.

Non-catastrophic facet deterioration is some function of optical flux,
ambient and facet coating. OData were not available to determine the form of
the function or its parameters from the literature; however, references 13
and 15 report that a significant decrease in degradation occurs (>2X) when
facet coatings are utilized.

7.1.2.3 Functional Degradation Failure Mechanisms

Functional degradation failure mechanisms that have been documented fall
into three categories, Intensity Pulsations, Optical Frequency Shifts and
Emission Symmetry Changes.

Intensity Pulsations

Intensity pulsations are self sustained oscillations (SSOs) that have
been reported to occur at frequencies between 200MHZ and 3GHZ and at a
modulation depth approaching 100% (Ref. 9, 10, 16, 28). The onset of SSOs
could be detrimental if the laser was being used in a digital application.
The failure mechanisms that cause these SSOs have yet to be confirmed, but
there have been suggestions that either second order mode locking or
switching between two lateral filaments, or effects associated with
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electron-photon interactions in the presence of non-uniform gain or loss, or
the effect of saturable absorbers in the active region are the cause (Ref.
16). The absorber may result from a localized region of lower population
inversion, caused by a region of non-radiative recombination, surface
recombination at the facets or the unpumped regions at the edges of the :
stripe. The absorption in these areas will decrease with increasing pumping, e

NS giving rise to a Q-switching effect (Ref. 16). One study (Ref. 9) reported ;Qiz
Tj that SS0s were present in new devices and that the SSOs become enhanced by f{],ii;‘
, ; forward-biased operation and/or elevated temperature. Data were not RRSR
*: available to derive an equation describing laser degradation or failure due

N to SSOs. A second study (Ref. 28) reported that SSOs were present after

‘ﬁf testing at elevated temperatures.

kY

f' Several studies (Ref. 9, 10, 16, 28) have addressed this failure mode.

8 The distribution of devices that exhibited SSOs after 1ifetesting on a group

-KS of AlGaAs double-heterostructure lasers (Ref. 28) is shown in Table 7.1-1:

TABLE 7.1-1: SSO DISTRIBUTION

) STRONG WEAK - NO TOTAL NO.

N SSO SSO SSO OF DEVICES

~

. Lasers that degraded* 10 8 12 30

during lifetest

‘ Lasers that did not
‘o degrade* after aging
%) 4000 hour 4 3 5 12
kel 521 hour 0 0 5 5

> 0 hour 0 0 18 18

. TOTAL 14 11 40 65

g *Optical Power output degradation

> SRS
= Another study (Ref. 9) reported that 64 out of 103 samples (62%) exhibited @
_ SSOs and that greater than 50% were converted from a stable laser to a pulser R
:; during a 50-60 hour test. The data indicates that, at least for these two ff
ﬁ' batches of lasers, SSOs could be a major failure mode depending on the o

: 7
:3 85 g
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circuit and application. The data also indicates that the onset of SSOs may s
be time dependent and associated with other degradation mechanisms. o . 0

Optical Frequency Shifts and Light Intensity Changes

""" !

AR }

Optical frequency shifts are basically small alterations in the beam o o)
direction and mode shape. These changes could be caused be minor internal 'l-f;jﬁlj
degradation which perturbs the cavity parameters in the junction plane ﬁ;};k;}?{:

without significantly changing the efficiency (Ref. 10). Data were not
available to determine if operational parameters such as current and
temperature are activating influences, or to quantify the percentage of
devices that exhibit a frequency shift. '

Emission symmetry changes are light intensity differences at the two
ends of the laser. The light intensity at one end is not the same as the
other and the difference varies with aging and drive current. One study
(Ref. 9) reported that 47 out of 95 (49%) of the samples exhibited an
emission symmetry change in the 1light polarized perpendicular to the

junction plane after accelerated testing. Light polarized in this manner was
defined as transverse magnetic (TM). Reference 9 also reported emission
symmetry changes in the light polarized parallel to the junction plane but
the percentage of devices that exhibited a change was not reported. Light
polarized in this manner was defined as transverse electric (TE). Data were
not available to determine if operational parameters such as current and
temperature are activating influences.

TM and TE emission symmetry changes and optical frequency shifts may ST
affect the performance of the laser in c<ystemns such as single-mode fiber "qf:f??ﬁ
optical communications links ard optica' disks. The design engineer should fjjgf{E:i
be aware of these dc.ices characteristics, and design circuitry that are i— ."1
tolerant of them. .
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7.1.3 Semiconductor Laser Reliability Prediction Procedure

The semiconductor laser failure rate is calculated using the following
equation:

Ap = AD TE (7.1-6)
where

Ap = total device failure rate (F/106hours)

Ap = average degradation failure rate (F/106nours)

g = environmental factor (Table 7.1-2)

The failure rate prediction procedure is as follows:

STEP 1: Calculate the average failure rate
STEP 1A: Calculate the average optical power output degradation rate using
the following equation:
Tp = Tp X AT X M[ X WC X MA X WF (7.1-7)

where

Tp = semiconductor laser optical power output degradation rate (%/1000

hours)
Tp = base degradation rate (%/1000 hours) (Table 7.1-3)
nT = temperature factor

exp [(?-i§§7§3] , T = Case Temperature (°C)

where E = apparent activation energy/Boltzman's Constant (Table 7.1-3)
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w7 is valid for +250C < T < + 1000C

nc = construction factor (Table 7.1-4)

%A = application factor (Table 7.1-5)

*F = pulsed duty cycle factor

4 pulsed duty cycle (Table 7.1-6)

(forward peak current (ma))o'68

L) |
n1 is valid for 0 < I < 25 amps

STEP 1B: Calculate the Mean life of the device by the following procedure:
1) Pg = rated optical power output (mw)

2) define required optical power output (PR)
3) calculate the allowable degradation (D) as follows:

(%)= 'S-PR 100 (7.1-8)
Ps
4) mean life (u) = D(%)/tp

Note: Each laser must be replaced when it reaches Pr to make the calculated
mean life (u) valid.

STEP 1C: Calculate the average failure rate using:

1/u (F/106 nours) (7.1-9)

>
o
1"

STEP 2: Calculate the average semiconductor laser failure rate using the
equation:

Ap x ng (F/106 hours) (7.1-10)
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- TABLE 7.1-2: ENVIRONMENTAL MODE FACTORS TABLE 7.1-4: CONSTRUCTION
: FACTORS b
E. ) o |
o Environment T Construction e 3
.‘_‘-. .
L Gg 1 Facet Coat or 1.0 '?
- GF 2.4 Hermetic Package £
Gm 7.8 ' .4
Mp 7.7 No Facet Coat 3.3 %
Nsg 3.7
Ng 5.7
Ny 11
NH 12
M 13 . 11
Agﬂ 17 v
A1c 2.5 TR
ArT 3.5 SRR
A1B 3.5 PRI
ATA 5.5 TABLE 7.1-5: APPLICATION R
ATF 8 FACTOR ,—*—*;‘.J
AuC 3 s
Ayt 5.5 Application A
Aus 5.5 4
Aua 8 Variable Current 1.0 :
éup 10 Source with optical y
F 1 feedback NP
MFF 7.8 .:"'“3'5‘
MFA 11 Fixed Current Source 1.5
UsL 23 )
ML 26
CL 450
TABLE 7.1-6: PULSED DUTY CYCLE
FACTOR
Duty Cycle TE*
TABLE 7.1-3: DEGRADATION 1.0 1.00
EQUATION PARAMETERS 0.9<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>